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Random and block sulfonated poly(meta-phenylene isophthalamide)s copolymers were 
synthesized with different degrees of sulfonation (DS) through the Higashi-Yamazaki 
phosphorylation method using a sulfonated monomer. Creasable polymer films were obtained 
by solvent casting, and ion exchange membranes were prepared by ion exchange of the films. 
Thermogravimetric analysis demonstrated the thermal stability of the membranes with five 
percent weight loss above 380 °C. The sulfonated block copolymer showed lower water uptake 
with higher water durability than the random polymer with the same DS. Both types of 
materials showed higher proton conductivities at high temperature than that of Nafion® 117 
under 95% relative humidity.  
Poly(N, N-dimethylpiperidinium sulfone)s (PDMPS-x) with different ion exchange 
capacities (x) were prepared by polycondensation using a piperidine functional monomer 
followed by quaternization of solvent cast films.  The water uptake, ionic conductivity, and 
chemical stability in the hydroxide form were evaluated. The chloride forms of the membranes 
were thermally stable to more than 200 °C. The membrane PDMPS-1.7 displayed good 
conductivity of 64 mS/cm at 80 °C in water and remained unchanged over 28 days in 1M KOH 
solution at 80 °C. 
Trimethylcyclohexylammonium-functionalized polysulfones (PSU-CyTMA-x) with the 
different IECs were synthesized from a functional monomer followed by quaternization of 
solvent cast films. Polymer synthesis and membrane preparation were similar to that for the 
PDMPS-x membranes. The hydroxide form of the membranes showed low water uptake with 




membrane PSU-CyTMA-1.8 showed water uptake <70 wt.% with hydroxide conductivity of 
64 mS/cm at 80 °C in water. Approximately 73% of conductivity remained after 20 days in 1M 
KOH solution at 80 °C. 
Amphiphilic polybutadiene-block-poly(4-vinylpyridine) copolymers with high 1,4-
polybutradiene content were synthesized through living anionic polymerization by changing 
polymerization solvents for each block. Polymers were hydrogenated to prepare polyethylene-
block-poly(4-vinylpiperidine) copolymers. The hydrogenation conditions were determined, and 
hydrogenations of both blocks were confirmed by FTIR.  The polymers were prepared for 
subsequent preparation of polyethylene-block-poly(dimethylpiperidinium) copolymers that 
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  CHAPTER 1
INTRODUCTION  
 
This purpose of the thesis research was to develop high-performance ion exchange 
membranes (IEMs). IEMs are functional polymer membranes that contain covalently bonded 
ionic groups that allow the transport of ions with opposite charge through the membrane. A high-
performing IEM requires high ionic conductivity combined with good thermal, chemical, and 
mechanical stability under the operating conditions. High performance of IEMs can be achieved 
from the tailored design of functional polymer structures to specific applications. This 
dissertation discusses proton exchange membranes (PEMs) and anion exchange membranes 
(AEMs) including their design motivation, synthetic preparations, membrane performance, and 
the potential for applications.  
Chapter Three of this dissertation discusses the development of high-performance PEMs 
from several different directions. The properties of different polymer backbones structures in the 
pursuit of good thermal and chemical stability with excellent mechanical properties of the 
membranes are presented in this chapter. Different polymerization methods are compared for the 
synthesis of the target PEMs, and the ion-transporting properties of functional anionic groups are 
reviewed to evaluate the effects on proton conductivity.  
Based on the conclusions from Chapter Three, a series of sulfonated meta-substituted 
random and block copolyaramides (MPDA-SIPAx) were developed as high-performance proton 
exchange membranes, and the research is discussed in Chapter Four. The random and block 




polymers with the sulfonic acid group on the electron deficient aryl ring of the isophthalic acid to 
increase the acidity of sulfonic acid in the membrane. The sulfonated groups in the polymer 
structure improved the solvent solubility of the polyamide to allow the easy solution processing 
and film formation. 
Cation-functionalized polymers for use as AEMs are discussed in Chapters Five to Eight. 
The performances of AEMs are constrained by the poor chemical stability of cation-
functionalized polymers. The AEMs can be potentially degraded through both the cationic 
groups and the polymer backbones in the presence of hydroxides. In order to obtain high-
performing AEMs, the chemical structures of both cationic groups and the polymer backbones 
need to be carefully designed to prevent chemical degradation.  
In Chapter Five, the degradation mechanisms of cationic groups are studied as well as the 
chemical stability of different types of cationic groups under alkaline conditions. N, N-
dimethylpiperidinium structure exhibits excellent chemical stability under alkaline conditions. 
The fixed heterocyclic piperidinium structure was found to be stable because it cannot freely 
rotate to the favorable bond angles required for nucleophilic substitution and Hoffman 
elimination in the presence of hydroxides.  
Based on the discovery that N, N-dimethylpiperidinium is stable under alkaline conditions, a 
bisphenol monomer was prepared and described in Chapter Six to develop a method to 
incorporate this functional group into polysulfone backbone and improve the chemical stability 
of AEMs. Aside from the high chemical stability of the piperidinium group, the bisphenol-
structure allows the positively charged group to be well-removed from the ether bond of the 
polysulfone backbone to eliminate any inductive electron withdrawing effect on the reactivity of 





Similarly to the advantages of a piperidine bisphenol monomer as a N, N-
dimethylpiperidinium precursor, trimethylcyclohexylammonium polymers were designed from a 
precursor bisphenol monomer and described in Chapter Seven. Here, the cation structure is 
designed attached to a cyclohexane ring to provide high chemical stability under alkaline 
conditions. The trimethylammonium group was expected to prefer the equatorial position and 
therefore hinder Hoffman elimination of the cation.  
In Chapter Eight, the design of a polyethylene-block-poly(4-vinyldimethyl piperidinium) 
diblock copolymers to provide a high-performance AEM is described. In the polymer design, a 
backbone of polyethylene should provide excellent chemical resistance and mechanical strength 
due to the high crystallinity and lack of functional groups in the polyethylene structure. In 
addition, the N, N-dimethylpiperidinium group is used as the functional cation in the membrane 
due to its good chemical stability under alkaline conditions. Furthermore, the design of the 
diblock copolymer structure for phase separation aids anion transport resulting in improvement 
of the anion conductivity of the membrane.  
Overall, this thesis developed several new ion exchange membranes while specifically 
studying the design of materials.  The membranes displayed beneficial properties, and the 









  CHAPTER 2
THESIS STATEMENT 
 
Functionalized polymers for ion exchange membranes can be designed from appropriately 
functionalized monomers to provide control over membrane properties. 
Sulfonated poly(meta-phenylene isophthalamide)s were designed from meta- sulfonated 
isophthalic acid to prepare high-performance cation exchange membranes. Several advantages 
were considered in the design of the sulfonated polyamide structure. The preparation of the 
functional polyamide directly from sulfonated monomers allows precise control over the 
polymer structure and the degree of sulfonation of the membrane. The meta-linked aromatic 
polyamide allows for solubility of the polymer.  The attachment of sulfonic acid groups on the 
electron deficient aryl ring results in significant acidity of sulfonic acid groups in the membrane. 
The amide carbonyl was designed to participate in proton transport as a Lewis base, and the 
strong interchain hydrogen bonds in the meta-substituted polyamide structure were expected to 
provide excellent thermal and mechanical stability of the membrane.  
N, N-dimethylpiperidinium functionalized polysulfones were designed from a functional 
bisphenol monomer to prepare highly chemically stable anion exchange membranes. N, N-
dimethylpiperidinium was designed as the cationic group based on demonstrated base stability 
that results from the geometric constraints of the heterocyclic ring that hinder nucleophilic 
substitution and Hoffman elimination with hydroxide. A N-methylpiperidine functionalized 
bisphenol monomer suitable for polymerization was designed with no N-benzylic attachment of 




be well-removed from ether groups of the polysulfone backbone to preclude any electronic effect 
on the aromatic ring and its effect on the ether bond to achieve high chemical stability of the 
cationic polysulfone membrane.  
Tetraalkylammonium polysulfone was designed from a cyclohexane pendent 
trimethylammonium bisphenol monomer for a chemically stable anion exchange membrane. The 
trimethylcyclohexylammonium cation in the polysulfone membrane was expected to have high 
chemical stability under alkaline conditions because the sterically bulky trimethylammonium 
group was expected to prefer an equatorial position of the cyclohexane ring to hinder Hofmann 
elimination reactions with hydroxide ions. In addition, the position of the ammonium group is 
extended away from the polysulfone backbone via the cyclohexane ring. The ammonium group 
is also well removed from the polysulfone backbone ether bonds, resulting in no inductive 
electron withdrawing effect on the reactivity of the ether units under alkaline conditions. It was 
anticipated that the amine-functionalized polysulfone would retain good solubility during the 
polymerization, quaternization, and the membrane casting process. 
Polyethylene-block-poly(4-vinyldimethylpiperidinium) was designed to obtain anion 
exchange membranes with a robust polyethylene backbone and chemically stable N, N-
dimethylpiperidinium groups. The polyethylene block was designed to provide excellent 
mechanical strength and chemical resistance in a membrane. The N, N-dimethylpiperidinium 
cation has been proven to be stable in concentrated alkaline solutions based on its heterocyclic 
structure. The diblock copolymer structure was adopted to assist in forming microphase 
separation to improve the anionic conductivity of the membrane. The target diblock copolymer 
could be obtained from a polybutadiene-block-poly(4-vinylpyridine) precursor with high 1,4-



























  CHAPTER 3
INTRODUCTION TO PROTON EXCHANGE MEMBRANES 
 
 3.1 Background of proton exchange membrane (PEM) 
Proton exchange membrane (PEM) as the electrolyte was employed in proton exchange 
membrane fuel cells (PEMFCs) to transfer the proton ions between anode and cathode electrodes. 
The performance of a PEM can be evaluated by the reaction efficiency. A good PEM should 
basically combine two critical functions: first, it should be an electronic insulator, separating the 
two electrodes and making sure that the gases like hydrogen and oxygen cannot pass across the 
membrane; at the same time, the membrane should be able to transport the protons between the 
two electrodes with high efficiency (high proton conductivity).
1
 Most of the PEMs generate 
proton conductivity by absorbing water and interacting with acid groups. PEMs belong to the 











, etc., fixed to the backbone of polymers as the 
carrier of protons. The durability of PEMs relies on the polymer backbone, which defines the 
physical, thermal, and mechanical properties of membranes.  
PEMs can be divided primarily by the nature of the polymer backbone into three categories, 
which are shown in Figure 3.1: the fluorinated membranes, non-fluorinated membranes, and 





Figure 3.1 Categories of proton exchange membranes from the nature of the polymer backbone. 
 
Fluorinated membranes have been the most successful materials and have been used in 
commercial areas for several years. The most widely studied of the fluorinated membranes is 
Nafion
®
 and materials with similar structure. Aromatic polymers are promising candidate 
materials with the potential to solve the problems associated with fluorinated polymers and have 
been widely studied in recent years. 
In this introduction, the properties, synthesis methods, and proton transfer mechanisms of 
sulfonated aromatic polymers will be mainly discussed, and the most prominent sulfonated 
aromatic polymers, as proton exchange membranes will be introduced. 





 is the most successful perfluorinated membrane used in PEMFCs and was first 
synthesized by Dupont Company in 1966. It exhibits high chemical and electrochemical stability, 
excellent mechanical strength, extremely low permeability to reactant species, high proton 
conductivity, and the ability to provide electronic insulation.
2
 These advantages make Nafion
®
 a 
benchmark in PEMFCs even today. Some other companies, such as Dow, Asahi Chemical, 3M 























A membrane for PEMFC must have both high proton conductivity and good durability. 
However, these two features are commonly incompatible because the high proton conductivity 
requires considerable amounts of acid groups in the membrane, which requires water to 
dissociate the protons from the acid groups during proton transportation. Water can swell the 
membrane and compromise its mechanical properties and durability. A balance should be found 
between proton conductivity and good durability.  
The thermal stability of the polymer membrane can be decreased under wet conditions. 
Figure 3.2 shows the decomposition temperatures of some polymers in dry and wet conditions.
4
 
All of the polymer membranes in the chart show decomposition temperatures under dry air 




Figure 3.2 Decomposition temperature of sulfonated polymer and unsulfonated polymers in dry 










 exhibits good thermal and chemical stability under high humidity conditions, which 
permits the membrane to have high proton conductivity. Nafion
®
 is a free radical initiated 
copolymer that consists of a hydrophobic tetrafluoroethylene (TEF) backbone sequenced with 
flexible perfluorinated vinyl ether side chains and terminated by a hydrophilic sulfonic acid 
group.
5
 The structure of Nafion
®
 and other perfluorinated polymers is shown in Figure 3.3.
6
 The 
values of x, y, m and n can be varied to produce materials with different equivalent weights 
(EW). EW is defined as the number of grams of polymer per mole of fixed sulfonated sites.  
 
 
Figure 3.3 Common structures of Nafion
®






 is commercially available in EW= 900, 1100, 1200, etc. Among these materials, 
EW=1100 membranes are the most widely used because of their high proton conductivity and 
moderate swelling in water. Nafion
®
 1100 EW has three widely available commercial products: 
Nafion
®
 112, 115 and 117 with thicknesses of 2, 5, and 7 mils (1 mil = 25.4 microns), 
respectively. Different thicknesses of membranes affect the performance and applications of 
membranes. Thinner membranes have higher proton conductivity, applied to hydrogen/air 






























crossover and commonly are employed for direct methanol fuel cells (DMFC).7 
Nafion
®
 membranes exhibit proton conductivity as high as 0.1 S/cm in water under fully 
hydrated conditions at room temperature. Figure 3.4 shows the conductivity behavior of Nafion
®
 




 117 membrane 
shows higher conductivity at relatively higher humidity under the same temperature. However, 
the proton conductivity in all different humidity conditions decreases dramatically when the 
temperature reaches a certain temperature. The major loss of conductivity of hydrated Nafion
®
 
117 membrane shifted to from around 120 
o
C to 160 
o
C as relative humidity decreased from 100% 






Figure 3.4 Conductivity of Nafion
®
 117 membranes at the indicated relative humidities for 




Several assumptions have been used to explain this situation. An assumption made by 




the polymer, which led to the decrease of the effective contact area with the electrode.
8
 Virginia 
Tech research group provided an alternative explanation that water can act as a plasticizer and 
lower the glass transition temperature (Tg) of an ion-containing polymer. The Tg, or at least part 
of α-relaxations, in hydrated Nafion® 117 membrane were reached, and thus some dramatic 





 also has excellent thermal, mechanical, and chemical stabilities. The structure of 
Nafion
®
 has a highly hydrophobic Teflon backbone and strong carbon-fluorine bonds, which is 
approximately 4 kcal stronger than aliphatic carbon-hydrogen bonds. Moreover, the strong 
carbon-fluorine bonds lead to Nafion
®
 being chemically stable against the oxidative conditions 
of a fuel cell. Under relatively low current density, commercial Nafion
®
 membranes could 





However, as an excellent proton exchange membrane, Nafion
®
 still has some deficiencies 
that need to be improved.
10
 The proton transfer mechanism of Nafion
®
 shows that high humidity 
is required for good conductivity, which leads conductivity of Nafion
®
 is less than satisfactory at 
low relative humidity; Furthermore, proton conductivity of Nafion
®
 membrane rapidly decreases 
at higher temperature, which limited their temperature range of operation to around 80 °C; At 
last, high cost also limits Nafion
®
 wide use in commercial areas. Therefore, scientists have been 
working on finding good substitute polymers to replace Nafion
®
 membranes to seek wider 







 3.3  Sulfonated Aromatic Polymers for PEMs 
 3.3.1 Introduction of sulfonated Aromatic Polymers 
Hydrocarbon membranes have several advantages over perfluorinated membranes for use in 
proton exchange membrane fuel cells:
11
 
(1) The starting materials of these polymers are much cheaper than perfluorinated polymers, 
which make them more promising for use in commercial areas;  
(2) Their structure permits the introduction of polar sites as pendent groups to the polymer 
backbone, and these polar groups could have high water uptake and restrict the water 
molecules from diffusing into the polymer chains over a wide temperature range, which 
makes the polymer achieve high proton conductivity at high temperature; 
(3) Hydrocarbon polymers can easily be recycled by conventional methods.  
Aromatic polymers are considered to be good candidates for PEM among the hydrocarbon 
membranes due to their mechanical properties and thermal stability. Because of the bulky 
aromatic groups on the backbone of polymers, all aromatic membranes are rigid polymers with 
high decomposition temperature and high thermal stability. In addition, the aromatic rings offer 
the possibility of electrophilic substitution as well as nucleophilic substitution, through which the 
aromatic polymers can be modified to introduce the pendent groups to their backbones.  
In order to pursue proton conductivity of the membranes, acidic groups need to be 
introduced into the polymer backbones or side chains. As previously mentioned, lots of acidic 










 could be used as functional groups to 
transfer the protons through the membrane. Sulfonic acid groups are the most widely selected 






(1) Sulfonic acid groups can be easily introduced on aromatic rings;  
(2) Unlike phosphoric acid groups, sulfonic acid groups do not form anhydride during 
dehydration. This give sulfonic acid groups the advantage of quick rehydration of 
polymers in contrast to phosphonated ones;  
(3) Introduction of sulfonic acid groups into aromatic polymer structure is cheaper than 
introduction of the phosphoric acid group; 
(4) Sulfonic acid groups have the lowest pKa value, resulting in the highest acidity of all acid 
groups. 
Due to the advantages listed above, sulfonated aromatic polymers are considered to be high 
proton efficiency membranes used in PEMFCs. 
 3.3.2 Synthetic Methods of Sulfonated Aromatic Polymers 
Normally, multiple methods are employed to introduce the sulfonic acid groups onto 
aromatic polymers, which include:
12,13
 
(1) Post-sulfonation of an aromatic polymer backbone;  
(2) Polymerization of sulfonated monomers;  
(3) Acid doping of a thermally stable polymer;  
(4) Grafting of sulfonated functional groups onto polymer main chains;  
3.3.2.1 Post-Sulfonation of the Aromatic Polymers 
Post sulfonation of the aromatic polymers is the most common approach for the synthesis of 
sulfonated aromatic polymers because it is a simple reaction.
13
 In this approach, many acids, 
such as chlorosulfonic acid, concentrated sulfuric acid, or oleum (SO3 dissolved in sulfuric acid), 




determined by the specific chemical property of the polymer, such as the substituted groups, the 
solubility of the starting material, and the end product. Figure 3.5 shows some examples of 









However, post-sulfonation has several drawbacks. The first problem is the difficulty in 
controlling the sulfonation degree of the membrane. Theoretically, the sulfonation degree can be 
controlled by reaction time and temperature, as Figure 3.6 shows sulfonation behaviors of 
polyetheretherketone (PEEK) with reaction time. The curve demonstrates that the degree of 
sulfonation increased rapidly in the beginning few hours. Then it increases in a linear 












However, few aromatic polymers have sulfonation behavior like PEEK. In contrast, the 
degree of sulfonation for most of the polymer is hard to control by only temperature and time. 
For example, aromatic polymers with activating groups like poly(phenylene sulfide) and 
poly(ether sulfone)s can lead to crosslinking through the post-sulfonation method, during which 
arylsulfonic acid groups can be first formed by sulfonation. Then they act as sulfonating agents 
themselves to attack other aromatic rings to form sulfone bridges between different polymer 
chains. In order to avoid crosslinking, shortened sulfonation time or a decrease in temperature 
was employed to restrain the degree of sulfonation to a low level.
19 
A method to increase the degree of sulfonation while limiting crosslinking is to utilize a less 
activated system.
7,20 
In this method, sulfonium salts are usually introduced into the sulfonation 
system to sufficiently deactivate some of the aromatic rings. Another method to avoid 
crosslinking is to create special sites for sulfonation through introducing lithium organic 




techniques offer the possibility to sulfonate the aromatic polymers with activating groups; 





Scheme 3.1 Synthetic route of Sulfonated polysulfone via lithiation of diphenol sulfone benzene 
ring 
 
Another drawback to the post-sulfonation of aromatic polymers is the difficulty in 
controlling the sulfonating position.
22
 Sulfonic acid groups tend to be introduced into the most 
activated sites of aromatic rings, typically electron-rich rings, which are substituted by electron-
donating groups like ether groups or thioether groups. In contrast, carbonyl groups, sulfone 
groups, fluorinated groups, and some heteroaromatic groups, etc., are electron withdrawing 
groups, which deactivate the sites of aromatic rings and cause difficulty in attaching the sulfonic 
acid groups. In addition, even in an aromatic ring, sulfonic acid groups are more easily 
introduced to ortho- or para-positions, but not the meta-positions of aromatic rings. The tendency 
































sulfonic acid groups could be detached from the activated sites, leading to the rapid decrease in 
the performance of polymer membranes in PEMFC, and this process would be accelerated under 
high temperatures.
22
 Therefore, a good membrane with long-term chemical stability requires the 
sulfonation process to occur in preferably deactivated sites. Sulfonation agents theoretically 
could introduce the sulfonic acid groups onto deactivated sites. However, the harsh conditions of 
high temperatures, long reaction time, etc., can possibly destroy the polymer backbones during 
sulfonation.  
In summary, post-sulfonation of aromatic polymers is a straightforward method, and the 
greatest advantage of this method is that it is easy to perform. However, several drawbacks 
hinder this method from the wide application in PEMFCs. 
3.3.2.2 Polymerization of Sulfonated Monomers 
The second method to introduce sulfonic acid groups is polymerization of sulfonated 
monomers. Compared to post-sulfonation methods, the polymerization of sulfonated monomers 
avoids most of the drawbacks during sulfonation process. First, this method can exactly control 
the degree of sulfonation (DS). A series of sulfonated aromatic polymers with different DS can 
be successfully synthesized through changing the feed mole ratio of functionalized monomer to 
the unfunctionalized monomer. Secondly, sulfonic acid groups can be introduced into electron-
deficient aromatic rings, avoiding the degradation of sulfonic acid groups in aromatic rings and 
therefore improving the chemical stabilities of a membrane under acid conditions. Based on this 
method, the crosslinking of the polymer chain also can be avoided, resulting in sulfonated 
polymers with a high degree of sulfonation. Scheme 3.2 shows a synthetic route toward 









Scheme 3.2 Sulfonation the aromatic polymers with post-sulfonation of polymers and 




Using post-sulfonation method, sulfonic acid groups can substitute on ortho- or para- 
position of electron-rich aromatic rings. In contrast, to the polymerization of sulfonated 
monomers, the meta- position of sulfonated aromatic polymers with controlled DS can be 





































Post- Sulfonation of Polymers






However, several prominent disadvantages of this method are well known. The synthesis of 
sulfonated monomers can be complicated. Another potential uncertainty is that sulfonation of the 
monomers often changes the properties of the monomer and polymer, such as solubility, 
chemical, mechanical and thermal stabilities of the sulfonated monomers and polymers. These 
polymers are different from the monomers and polymers without sulfonic acid (or salt) groups. 
These potential problems affect the polymerization conditions and make the synthesis process 
more complicated. In any case, except for some uncertainty factors, polymerization of monomers 
presents several advantages over the post-sulfonation method, which interest researchers in the 
synthesis of new sulfonated aromatic polymers. 
3.3.2.3 Acid Doping 
Acid doping is usually used to acidify aromatic polybenzimidazoles (PBI). It is not a real 
synthetic method for sulfonated aromatic polymers but an intermediate step for the sulfonation of 
aromatic polymers. Scheme 3.3 shows the synthetic route to sulfonated polybenzimidazole 
(SPBI).
24
 As a highly thermostable material with the melting point over 600 °C, PBI shows very 




) because of the low water uptake of this membrane.
24
 A 
significantly high proton conductivity of this membrane can be obtained after treatment with 
sulfuric acid or especially phosphoric acid. The acid uptake of the PBI membrane could achieve 
5 moles of H3PO4 per repeat unit, which is far beyond the capacity of other systems and is 
known as doping process.
25-27
 Research has pointed out that the dramatic difference between 
undoped PBI and acid doped PBI is because the PBI readily forms a complex with organic and 
inorganic acids due to its basicity (pKa >> 5.5). The properties of doped PBI membranes have 
aroused the interest of scientists for several years.
25-30




doping method, it is suitable for increasing the proton conductivity of PBI membranes, but not 
helpful for most other aromatic polymers.  
 
 




3.3.2.4 Grafting of a functional group  
Grafting of a functional group onto the polymer main chain can be viewed as an advanced 
sulfonation method in the synthesis of aromatic polymers. This method provides the opportunity 
to control the degree and the site of sulfonation. Scheme 3.4 shows the synthetic route of 




This method had two advantages over post-sulfonation polymerization. Firstly, the degree of 
sulfonation in this reaction can be controlled by limiting the number of ionized -NH sites or 
limiting the ratio of the sulfonated side chain groups; furthermore, the reaction could introduce 










































In summary, several methods were used to synthesize high performance sulfonated aromatic 
polymers. In most cases, a proton exchange membrane with the same structure can be obtained 
by many different synthetic methods; however, the properties of the membranes usually differ 
from each other. Choosing a suitable synthetic method is dependent on the required structure of 
polymers and starting materials, and the cost also needs to be considered. 
 3.4  Proton Transport Mechanisms of PEMs 
Two theories have been developed to explain the proton transport mechanism of sulfonated 
aromatic polymer membranes: vehicular mechanism (diffusion mechanism) and Grotthuss 
mechanism (proton hopping mechanism).
34,35
 Using which one to explain the proton conductivity 
of the membrane usually depends on the membrane properties. 
 3.4.1 Vehicular Mechanism 





























This mechanism describes two distinct regions within the membrane: the polymer 
backbones comprise a hydrophobic region; in contrast, the sulfonate sites, protons, and water of 
hydration comprise a hydrophilic region in the membrane. The hydrated proton (H3O
+
) can 
diffuse through the aqueous medium under the electrochemical difference. The hydrophilic phase 
of the membrane acts as a proton transfer medium, the water-connected protons as an electro-
osmotic drag, carrying one or more water molecules across the membrane along with the proton 
itself. Also, the free volumes were formed between the hydrophobic polymer chains in the 
membranes, and the surfaces of the hydrophobic holes tend to repel the water molecules, which 
can improve the proton transfer through the membrane.
37
 
The vehicular mechanism not only explains the proton transfer mechanism of perfluorinated 
membranes, such as Nafion
®
, but it also can be used to study the proton conductivities of 




 3.4.2 Proton Hopping Mechanism 
The proton hopping mechanism was typically used to explain the conductivities of 
sulfonated aromatic membranes. The hopping mechanism focuses on the action of proton 
hopping instead of proton transfer channels suggested by the vehicular mechanism. In this 




) to another across the 
membrane. As shown in Figure 3.8, when protons are generated at the anode, they will react 
with water molecules to form hydronium ions; then these ions attach to the sulfate groups to 
form hydrolyzed ionic sites, and the proton in an ionic site could hop from one water molecule to 









The proton hopping mechanism and vehicular mechanism are two of the most popular 
mechanisms in the explanation of proton conduction for proton exchange membranes. However, 
a PEM system is commonly quite complicated because it cannot only use one theory to explain 
the proton transfer mechanism. Proton hopping mechanism often occurs at relatively high 
humidity, while the vehicular mechanism better explains the proton transportation across the 




 3.5  Types of Sulfonated Aromatic Polymers for PEMs 
Many aromatic polymers have been used for proton exchange membranes. Depending on its 
exact chemical structures, their properties can be adjusted to a wide range of requirements. 
Polyimides (PI), polyaramides (PA), polyamidimides (PAI), poly(arylene ether ketone)s (PAEK), 
poly(arylene ether sulfone)s (PAES), poly(ether imide)s (PEI), poly(phenylene oxide) (PPO), 
poly(phenylene sulphide) (PPS), and poly(benzimidazole) (PBI) are examples of engineering and 
high performance aromatic polymers which can be used in PEMFCs.
38-40
 The common structures 
of these polymers are shown in Figure 3.9. 
Among these polymers, polybenzimidazole, poly(arylene ether sulfone)s, poly(arylene ether 
ketone)s, and polyaramides as four classic types of aromatic polymers will be introduced in this 
section. Through the study of synthesis methods for each kind of polymer, the properties of 
polymers, such as chemical, thermal and mechanical stabilities, proton conductivities, and water 
uptake, will be introduced. 
 
 
Figure 3.9 Typical structures of aromatic polymers as the backbone of PEMs. 








































 3.5.1 Polybenzimidazole  
Aromatic polybenzimidazoles membrane (the structure is shown in Figure 3.9) are synthetic 
membranes with a very high melting temperature. Poly[2,2’-(m-phenylene)-5,5’-
bibenzimidazole] (short for PBI) is a widely used polybenzimidazole that is an amorphous 
thermoplastic polymer with exceptional thermal and chemical stability,
24
 and a glass transition 
temperature of approximately 430 °C.  
 
 




























(a)  Acid Doping
































































Due to its high thermal stability, PBI can be used to fabricate high-performance protective 
apparel, such as firefighter gear, astronaut space suits, high-temperature protective gloves, 
welding apparel, and aircraft wall fabrics. In recent years, PBI membrane has found application 





), it cannot be used directly as a proton exchange membrane.
11,42
 Introducing acid 
functional groups onto the PBI polymer backbone can significantly improve the proton 
conductivity of the membrane. There are several synthetic methods such as acid doping, post-
sulfonation of polymer chains, polymerization of the sulfonated monomer, and grafting of 
functional groups that can add the acid groups on to the PBI membrane, which has been reported 
by many research groups. Scheme 3.5 shows examples of synthetic routes for sulfonated 
polybenzimidazoles.  
3.5.1.1 Phosphoric Acid Doping of PBI 
Acid doping is the most commons method to increase the proton conductivity of 
polybenzimidazole. In this method, polybenzimidazole can form complexes with organic and 
inorganic acids due to its basicity; then a homogeneous polymer electrolyte is formed by 
dissolution of the acid in the polymer matrix, which increases the proton conductivity of the 
membrane. For the PBI membrane, various acids were investigated such as H2SO4, H3PO4, 
HClO4, HNO3, HBr, HCl, organic acids like CH3SO3H, C2H5SO3H, and aromatic phosphoric 
acids, as well as polymeric acids.
25-28,43-45
 Among the doping acids, phosphoric acid and sulfuric 
acid were found to produce high conductivity. The acids act both as donors and acceptors in 





H3PO4-PBI complex membrane is an interesting polymer electrolyte due to its high 
conductivity and good thermal stability at temperatures up to 200 °C. At this temperature; a 
PEMFC can tolerate 30,000 ppm carbon monoxide in hydrogen, making it possible to reform the 
fuel cell systems.
46
 The ability of proton transfer depends on the level of H3PO4 doping, the 
relative humidity (RH) and reaction temperature. The acid doping level, defined as the mole 
number of phosphoric acid per repeat unit of PBI, was found to be of particular importance for 
proton conductivities and mechanical properties. The higher level of acid doping in PBI 
membrane, the higher proton conductivity can be obtained. Usually, the total amounts of the 
absorbed doping acids in PBI membrane are dependent on the acid concentration, as shown in 
Figure 3.10 (a). The acid doping level increases rapidly at the very low acid concentration range 
at the beginning. When the acid concentration ranged between 2M and 11M, the doping level of 
PBI membrane increased slightly, and it could achieve 5 moles per PBI unit at the acid 
concentration equal to 11M at room temperature; when H3PO4 concentrations are higher than 13 
M, the acid doping level increases rapidly again. This doping habit has been reported by many 
research groups,
44,45,47
 where it has been found that the acid concentration in the polymer was 
always much higher than the concentration of surrounding acid solution, as shown in Figure 
3.10 (c). When the PBI membrane is doped with a 0.05M acid solution, the concentration of 
doping acid inside the polymer could go up to 6 M. The H3PO4 within the membranes could 
achieve and constantly maintain at 14 M with the concentration of surrounding acid solution 
















(b) Separation of the “bonded” and “free” phosphoric acid in 
aciddoped PBI membranes
(c) Concentration of the acid inside PBI membranes as a 




The total doped acid can be separated into two parts; the bonded acid and free acid, as 
shown in Figure 3.10 (b). When the concentration of total doping acid was between 2 and 13 M, 
the increased doping acid concentration could lead to the increase of the amount of the free acid; 
however, the amount of the bonded acid remained constant. This doping habit can be better 
understood by studying the PBI structure. PBI can form hydrogen bonds with two phosphoric 
acid molecules to form the bonded acid due to the two nitrogen sites in a repeat unit. Therefore 2 
moles H3PO4 are contained in each repeat unit, and the conductivity of the membrane was found 
to be around 2.5×10-2 S/cm at 200 °C under 5% relative humidity, which is low for practical fuel 
cell applications.
30
 This conductivity can be attributed to the proton hopping from an N site of 
the imidazole ring to a phosphoric acid anion. When an acid doping level is over 2 (more than 2 
moles H3PO4 per repeat unit), the free acid was observed to be present in the PBI membrane, and 
the proton conductivity increases rapidly. For example, at a doping level equal to 5.6, the 
measured conductivity was 6.8×10-2 S/cm at 200 °C and 5% relative humidity. The increased 
proton conductivity indicated a significant contribution from the free acid.
30
  
The concentration effect of H3PO4 in the polymer membrane indicates an acid–base 
interaction through hydrogen bonding. Depending on this result, the doping acid could be well 
maintained to obtain a high-performance PBI fuel cell.   
3.5.1.2 Post Sulfonation of PBI Backbone 
Post sulfonation of the PBI membrane is barely used in the synthesis of acid bonded PBI. As 
shown in Scheme 3.5, sulfonated PBI can be obtained through heating the sulfuric acid-doped 
PBI at 450 - 500 °C for a short time, and the levels of substitution could achieve 0.6 moles of 
sulfonic acid groups per repeat unit of PBI.
49,50




PBI was not much higher than that of non-substituted PBI using this method; on the contrary, 
some drawbacks of the membrane were apparently observed. Because of the changed solubility, 
this membrane was hard to dissolve in the solvent again, at the same time, the thermally initiated 
sulfonation method led to polymer chine crosslinking, also the high melting temperature may 
result in membrane degradation. Based on these drawbacks, sulfonated PBI with good properties 
was hard to obtain through the post-sulfonation method. 
3.5.1.3 Grafting of a Functional Group 
Sulfonated PBI also can be obtained by grafting the functional groups onto the polymer 
backbone. As previously mentioned，this method provided the opportunity of controlling the 
degree of sulfonation through limiting the number of –NH sites or limiting the ratio of sulfonated 
side chain groups to PBI. In addition, the chemical stability of PBI can be improved by 
introducing less reactive groups directly into the imidazole ring. Compared to the non-grafted 
PBI with proton conductivity as low as 10
-5
 S/cm, grafted PBI displayed reasonably high 
conductivity in the range of 3×10-3 to 2 ×10-2 S/cm.33  
3.5.1.4 Polymerization of Sulfonated Monomer 
Acid bonded PBI can be synthesized by the above methods. Some other sulfonated aromatic 
polybenzimidazoles can be obtained from the synthesis of sulfonated monomers. As shown in 
Scheme 3.5 (c), a partially sulfonated polybenzimidazole based polymer is prepared by 
copolymerizing monomers of 3,3′-diaminobenzidine, isophthalic acid, and 5-sulfoisophthalic 
acid.
51
 This method can be used to synthesize either random or block copolybenzimidazoles to 
improve the thermal and mechanical stabilities of membranes. Combined with the acid doping 




In summary, scientists have studied acid bonded polybenzimidazoles as high-performance 
proton exchange membranes for many years. The acid doping method was demonstrated to be 
especially useful to obtain the acid bonded polybenzimidazole. A lifetime of continuous 
operation for over 5000 h at 150 °C and shutdown–restart cycling test for more than 100 cycles 
has been achieved with acid-doped PBI membranes.
48 
 3.5.2 Poly(arylene ether sulfone)s 
Aromatic poly(arylene ether sulfone)s describe a family of thermoplastic polymers that 
includes polysulfone, poly(ether sulfone), and poly(phenyl sulfone), and structures are shown in 
Table 3.1.  
 







































From the chemical point of view, the polymer backbone consists of para-linked aromatic 
groups connected by ether (−O−), sulfone (−SO2−), and in some cases alkyl groups, with the 
aromatic ether (bisphenol) part providing flexibility. Furthermore, the sulfone group is stable on 
oxidation and reduction. Accordingly, the structures of polysulfone membranes exhibit excellent 
chemical and thermal stability, good strength and flexibility, as well as high glass transition 
temperatures, and good film forming properties.
53,54
 Polysulfone has very high dimensional 
stability. The size of the membrane changed below 0.1 vol.% under exposure to boiling water or 
150 °C air or steam. Polysulfone is highly resistant to inorganic acids or alkali with pH ranging 
from 2 to 13. In addition, polysulfone has better solubility in multiple solvents than other 
aromatic polymers. Due to these advantages, sulfonated polysulfone as a promising PEM 
material has been studied in recent years.
55-58
  
Post-sulfonation of polymer and direct polymerization of sulfonated monomers are 
commonly used to synthesize the sulfonated polysulfone. As shown in Figure 3.11, the big 
difference between these two methods is the sites of sulfonic acid in the polymer backbones. 
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3.5.2.1 Post-Sulfonation of Poly(ether sulfone) 
Sulfonated aromatic polymers including sulfonated polysulfone, can be obtained from the 
post-sulfonation method. As previously mentioned, the critical concern of this straightforward 
method is how to control the degree of sulfonated groups in the membrane. Because 
concentrated sulfuric acid is too aggressive to control the DS in polysulfone membranes, 










 acetyl sulfate, and others have been studied in this system to 
control the sulfonation of polysulfone membranes. A systematic study examined the effect of 
different sulfonating agents on the sulfonation process.
19
 It was found that a heterogeneous 
reaction occurred when chlorosulfonic acid as a strong sulfonating agent is solely used in the 
sulfonation process, leading to chain cleavage. In contrast, a mild sulfonating agent like 
trimethylsilyl-chlorosulfonate provides a homogeneous reaction system in which the degree of 
sulfonation can be controlled in a reasonable range, and no polymer degradation or crosslinking 
was observed under this sulfonation condition. However, the sulfonating efficiency of the mild 
sulfonating agent is relatively lower than other acid agents. The degree of sulfonation was limited 
to 0.85 (85% of the monomer units sulfonated) during short reaction times when the mild 
sulfonating agent was employed.  
Kerres et al., invented an advanced sulfonation method that contains three steps including 
metalation, sulfonation by SO2 gas, and oxidation reaction.
21
 As shown in Scheme 3.6, 
controlling the oxidation step using hydrogen peroxide can minimize any decrease in IEC. Due 
to its good accessibility to all the ionic groups in the polymer, any undesired crosslinking 











This method provides some advantages over ordinary post-sulfonation procedures in that it 
can be applied to other lithiated polymers, and the sulfonic acid group results on the 
hydrolytically stable part of the molecules. 
3.5.2.2 Polymerization of Sulfonated Monomers 
Another way to avoid the drawbacks of the post-sulfonation method is to move the 
sulfonation step from the polymers to the monomers. As previously mentioned, the 
polymerization of sulfonated monomers provides multiple advantages over the direct sulfonation 
of polymers. By controlling the position of sulfonic acid groups on monomer rings, the sulfonic 
groups can readily be added to the electron deficient rings of the polymer; furthermore, the 
proton exchange capacity and the degree of sulfonation also can be controlled by adjusting the 
feed ratio of the sulfonated and unsulfonated starting materials. The polymerization of the 
sulfonated monomers method to synthesize the sulfonated polymers is not as popular as using the 
post-sulfonation of polymers method. However, the polymerization of sulfonated monomers is 
useful for some types of polymers, including polybenzimidazole and polyimides because of the 












































Several research groups have been working on the synthesis of sulfonated poly(ether 
sulfone)s by the polymerization of sulfonated monomers. Sulfonated 4,4’-dichlorodiphenyl 
sulfone as a monomer, can be easily obtained by the sulfonation of the dihalo sulfone with 
fuming sulfuric acid (30% SO3) at 90 °C for 6 h, As shown in Scheme 3.7.
68
 Sulfonated 4,4’-
dichlorodiphenyl sulfone, or bis(4-fluorophenyl) sulfone, as a sulfonated part combined with the 
unsulfonated monomers and the different types of bisphenols, such as bisphenol A, 4,4’-










This method provides a chance to introduce two sulfonic acid groups into the ortho-position 
of the halogene in the deactivated ring, which can improve the performances of sulfonated 
poly(ether sulfone)s to be proton exchange membranes. One example of this synthetic method is 
shown in Scheme 3.8,
24
 a randomly sulfonated poly(arylene ether sulfone) copolymer contains 
two sulfonic acid groups that can be obtained from the nucleophilic substitution condensation 
polymerization of 4,4’-dichlorodiphenylsulfone, 3,3’-disulfonate-4,4’-dichlorodiphenylsulfone, and 
4,4’-biphenol, and in which the sulfonic acid groups are situated on the deactivated sulfone-linked 
rings. 
In this reaction, free bisphenols will react with the dichloro- compounds in NMP at 190 °C, 

















to avoid undesirable hydrolysis of the dihalides to deactivated diphenolate monomer, which is 
usually caused by an inexact stoichiometric amount of the strong base.
76
 Compared to the strong 
base, K2CO3 has high solubility in the reaction medium, and the exact amount of the weak base 
is unnecessary in the reaction, simplifying the experimental condition of the synthetic method, 
and making it easy to obtain fairly high molecular weight of the polymer.   
 
 




McGrath’s group successfully synthesized a series of bisphenol and dichlorodiphenylsulfone 
(DCDPS) based sulfonated polymer membranes (BPSH).
77
 These polymers exhibit high thermal 
stabilities, in which the decomposition temperature could become as high as 400 °C (5 wt.%) in 
a nitrogen atmosphere, or up to 220 °C in air. The S-BPSH membrane with 60 mol% of 
sulfonated DCDPS can keep a membrane stable in water, however, accompanied with the 
increasing mole ratio of sulfonated monomer, the water uptake increase rapidly and the S-BPSH 
with 100 mol% of S-DCDPS can dissolve in water eventually. Water uptake with the mole ratio 
of the sulfonated monomer is shown in Figure 3.12.
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polymer in the sodium salt form swelled less in water than that in the acid form. Moreover, the 
thermal stability of the sodium form membrane is much better than the proton form membrane. 
The results are due to the acid group, which is more active in water and more attracted to the 
water molecules than the sodium salt group in the polymer.  
 
 




High conductivity can be achieved from the proton form of S-BPSH. When a polymer 
contains 40mol% of the sulfonated groups (IEC = 1.72 mmol/g), the proton conductivity can 
achieve 110 mS/cm, and a polymer containing 60mol% of the sulfonated part (IEC = 2.42 
mmol/g) have conductivity as high as 170 mS/cm. Under the same condition, the proton 
conductivity of Nafion
®




 A phase-separated 
morphology of this sulfonated polymer was observed. Based on the degree of sulfonation, the 




degree of sulfonation over 50 mol%, a phase inversion can occur, which leads to the rapid 
increase of the water uptake at high sulfonation levels. Moreover, two Tgs can be obtained in the 
DSC curves when the sulfonated part over 50 mol%, which indicates clear phase separation 
occurred in these polymers.
23
 
In summary, sulfonated poly(ether sulfone)s exhibit good thermal and chemical stability, 
and it especially has high proton conductivities compared to other sulfonated aromatic polymers. 
However, fairly high water uptake of the polymer at high IEC condition limits the application of 
the polymer in PEMFC. Therefore, contrived research focuses on balancing the proton 
conductivity with other physical properties to obtain a useful proton exchange membrane. 
 3.5.3 Poly(arylene ether ketone) Copolymers 
Poly(arylene ether ketone)s are a family of polymers that consist of several aromatic units, 
joined by ether (E) and ketone groups (K). By varying the number and the order of ether and 
ketone groups, a series of similarly structured poly(arylene ether ketone) polymers, such as PEK, 
PEEK, PEKK, PEEKK, PEKEKK, etc., can be obtained. The chemical structures of the 
important commercial poly(arylene ether ketone)s are shown in Table 3.2. These polymers are 
semicrystalline, and depending on the similar structures of these polymers, they are not only 
miscible with each other, but some of them do co-crystallize. The most important feature of these 
kinds of polymers is crystallinity, which provides the polymers with excellent thermal stabilities, 
good chemical and solvent resistance, and superior mechanical properties. Depending on these 
advantages, the sulfonated poly(arylene ether ketone)s have been more extensively studied than 












Presently, most of the studies for sulfonated poly (arylene ether ketone) (S-PEEK) 
membranes are based on the PEEK membrane. The most popular method to synthesize an S-
PEEK polymer is the post-sulfonation of the commercial PEEK materials, as shown in Scheme 
3.9. The ortho-ether substituted S-PEEKs with different degrees of sulfonation can be obtained 


















































Scheme 3.9 Post-sulfonation of poly(ether ether ketone) 
 
As a good thermal stability sulfonated aromatic polymer, S-PEEK has two weight losses in 
thermogravimetric analysis. Based on the degree of sulfonation of the membrane, the first weight 
loss of the polymer occurs between 240 °C and 300 °C, which is due to the desulfonation effect; 
another weight loss present to 400 °C, which is due to the degradation of the PEEK 
backbone.
16,81
 In addition, compared to the PEEK, the Tg of S-PEEK (60% sulfonation) increased 
from 150 °C to around 230 °C. 
Many research groups studied the proton conductivity of S-PEEK, and most of them used 
Nafion
®
 as the conventional membrane to compare the performance of S-PEEK. As shown in 
Figure 3.13, the Alberti group studied the proton conductivity of S-PEEK (IEC=2.48) and 
Nafion
®
 117 in different humidity (a) and temperature (b) conditions. They found that the proton 
conductivity of S-PEEK is more dependent on the humidity and temperature than Nafion
®
. The 
proton conductivity of the S-PEEK is much lower than Nafion
®
 117 at relatively low humidity or 
temperature; however, accompanying the humidity or temperature increase, the gap of the proton 
conductivity curve between the S-PEEK and Nafion
®
 117 become smaller than before. Figure 
3.13 (b) shows the S-PEEK 2.48 has the same proton conductivity as Nafion
®
 117 at 160 °C 
under 75% relative humidity, whereas the conductivity of the S-PEEK 1.60 was still much lower 
than S-PEEK 2.48 and Nafion
®
 117 at this temperature. Combined with Figure 3.13 (a), these 
data confirmed that the proton conductivity at medium temperatures and high relative humidity 
















Figure 3.13 Proton conductivity of S-PEEK with Nafion
®




In this case, because of the sulfonic acid groups are all place on the electric rich rings of the 
S-PEEK, this leads to a weaker acidity of the sulfonic acid groups in the S-PEEK than in 
Nafion
®
 117 and leads to the much lower conductivity of the S-PEEK than Nafion
®
 117 at low 
(a) Protion Conductivity Habits in Different Humidity




humidity. However, because the S-PEEK 2.48 has higher IEC than Nafion
®
 117, the interactions 
between polymer chains in S-PEEK would decrease because of the increased number of ionic 
groups. This further increased the free volume of the polymer chains under increased humidity 
and temperature, therefore attracting more hydroniums in the polymer and enhancing the proton 
conductivity of the S-PEEK. 
The proton transport properties of the sulfonated poly(arylene ether ketone)s can be 
explained by the vehicular mechanism. Kreuer’s group used small angle X-ray scattering (SAXS) 
to analyze the structure of Nafion
®
 and hydrated S-PEEKK.
82
 As shown in Figure 3.14, they 
found that a large interface separation with broader distribution between the hydrophobic and 
hydrophilic domains in the hydrated S-PEEKK. However, the S-PEEKK structure has narrower 
water channels compared to Nafion
®
, and they are more branched with the dead end "pockets", 
which makes it have much lower proton transport capacity than Nafion
®
. 
A drawback of sulfonated poly(arylene ether ketone)s is that it has higher water uptake than 
other kinds of sulfonated aromatic polymers. The S-PEEK could be soluble in water when IEC > 
1.8 mmol/g, which corresponds to the degree of sulfonation of the polymer equal to 60 % (60 % 
of all repeat units have one sulfonic acid group). The high water uptake leads to the excessive 
swelling of the membrane and therefore limits its application in PEMFC. In order to avoid the 
excessive swelling, the IEC should be lower than 1.8 mmol/g. However, this IEC results in 
relatively low proton conductivity, even with a membrane in the fully hydrated state.
8,16
 Figure 
3.13 shows that the proton conductivity of the S-PEEK 1.6 membrane is lower than that of 
Nafion
®







Figure 3.14 Microstructures of Nafion
®




To solve the problem that accompanies high IEC with high water uptake, and the proton 
conductivity decreased rapidly under low humidity, researchers have attempted many ways to 
improve the performance of the S-PAEK. One method introduces the fluorinated aromatic rings 
and bulky groups to modify the S-PAEKs. Sakaguchi’s research proves that these kinds of 
polymers have much higher conductivities than conventional S-PEEK or S-PEEKK membranes 
at reduced humidity.
83




S-PAEK copolymer was synthesized by 6F-bisphenol, 9,9’-bis(4-hydroxyphenyl)fluorene, and 
fluorinated arylene ether ketone; xx stand for the mole ratio of sulfonated segments in polymer.  
 
 




Because only 9,9’-bis(4-hydroxyphenyl)fluorine can be sulfonated during sulfonation 
process, through varying the mole ratio of 6F-bisphenol and 9,9-bis(4-hydroxyphenyl)fluorine in 
reaction, a series of the modified S-PAEKs with the different degree of sulfonation can be 
obtained. HF100 S-PEEK shows the highest degree of sulfonation (IEC = 1.95 mmol/g) in this 
series of polymer, which exhibits good conductivity at 50% relative humidity, but with excessive 

























































































relative humidity proton conductivity. However, the conductivity of fluorinated S-PAEK is still 





Crosslinking was also employed to decrease the water uptake of S-PAEK. This method 
could suppress the swelling effectively, but it also makes the membrane too brittle to be used as 
PEM. One reason probably is that the crosslinking happens between the backbone of the S-
PAEK, which heavily limits the freedom of the polymer chain, resulting in reduced mobility and 
causing brittleness. 
The synthesis of the block copolymer was considered a feasible method to improve the 
performance of S-PAEK. By separating the functional parts of the polymer, the optimal 
performance of the polymer can be obtained. Some research groups have studied the block 
copolymers based on PAEKs.
84,85




















































The hydrophobic blocks can serve as the matrix for mechanical strength and limit the 
swelling, while the hydrophilic parts with acidic groups can serve as proton carriers to transport 
protons across the membrane. By combining these two segments together, a microphase-
separated morphology can be formed, which like the morphology of Nafion
®
, improves proton 
conductivity. 
As previously mentioned, when the IEC of random S-PAEKs is over 1.6 mmol/g, the 
membrane would be soluble in water even at room temperature.
84
 However, the block 




In addition, the block S-
PAEK with IEC = 1.86 mmol/g
 
has the highest proton conductivity, achieving 166 mS/cm at 100% 
humidity and 60 °C, with the water uptake of only 53 wt.% in this condition.   
In summary, S-PAEK membranes exhibit excellent thermal, mechanical properties, and 
good chemical resistance. These polymers can be easily obtained through the sulfonation of 
industrial PAEK materials. The block copolymers of S-PAEK exhibit comparable properties to 
Nafion
®
, which make it a promising material for PEMFC. 
 3.5.4 Aromatic Polyamides 
Aromatic polyamides are high-performance polymers, with structures formed by amide units 
and whole aromatic segments. This special structure provides the hydrogen bonding between 
polymer backbones, which increases the chain interaction resulting in higher fracture stress, 
impact strength, tear strength, and abrasion resistance.
86
 Aromatic polyamides also have 
excellent thermal stabilities, with glass transition temperatures becoming over 200 °C and 
melting temperatures of 500 °C when the polymer crystallizes.
87,88
 Based on its excellent thermal 




exchange membranes and have been studied in recent years.
12,89-91
 
3.5.4.1 Synthetic Method of Sulfonated Aromatic Polyamides  
A popular synthetic method of the sulfonated aromatic polyamides is the polymerization of 
sulfonated monomers. Because of the poor solubility of the commercial aromatic polyamides, 
such as Poly(p-phenylene terephthalamide) (Kevlar®) and poly(m-phenylene isophthalamide) 
(Nomex®), these polymers cannot be modified by using the post-sulfonating polymer method.  
As shown in Scheme 3.12, many research groups have synthesized the sulfonated poly(p-
phenylene terephthalamide) (PPTA) by using the low-temperature polycondensation method.
92,93
 
In this reaction, sulfonated 1,4-phenylenediamine, and terphthaloyl dichloride are used as the 
monomers, trimethylsilyl chloride (TMSCl) is used as an activator to improve the reactivity of 
sulfonated 1,4-phenyl-diamine and lithium chloride is used to improve the solubility of 
monomers in DMAc. A high molecular weight of random and block-sulfonated aromatic 
polyamides can be obtained at low temperature. 
 
 




Some research groups have synthesized sulfonated aromatic polyamides by using the high-
temperature polycondensation method (the so-called Yamazaki reaction).
93
 Scheme 3.13 shows 


























Sulfonated diamine, unsulfonated diamine, and isophthalic acid are used as monomers with 
triphenyl phosphite (TPP) as a condensing agent to decrease the reaction temperature, and 
calcium chloride (CaCl2) salt combined with pyridine (Py) to increase the solubility of 
monomers in NMP. Through 23 hours of reaction, a high molecular weight of sulfonated 
aromatic polyamide can be obtained. This method also can synthesize block copolymers, and can 
easily introduce the sulfonic acid groups onto dicarboxylic acid rings to improve the 
performance of the polymer.  
The difference between the Yamazaki reaction and the low-temperature polycondensation 
reaction is the reaction temperature. The temperature of the Yamazaki reaction is usually over 
100 °C; In contrast, the temperatures of the low-temperature polycondensation reaction are 
ranging from -25 °C to 70 °C, which is much more complicated than the Yamazaki reaction. In 
addition, the Yamazaki reaction avoids using hydrolytically unstable diacid chlorides as the 
monomer, which makes the reaction much easier than before. 
 
 




































3.5.4.2 Fully Sulfonated Poly(p-Phenylene Terephthalamide)s (PPTA)s 
In theory, a membrane with the most efficient proton transport should contain a linear proton 
pathway between two electrodes. Based on this idea, a series of polymers based on linear 
structured Poly(p-phenylene terephthalamide) (PPTA) were developed in order to test this 
hypothesis. Every et al. studied the properties of highly sulfonated PPTA membranes.
91
 They 
synthesized three different forms of this polymer: sulfonated phenylenediamine form (S-PPTA), 






Figure 3.15 Chemical structures of sulfonated poly(p-phenylene terephthalamide) 
 
Figure 3.16 shows the proton conductivities of S-PPTA and S-invert-PPTA in this study. 
Compared to Nafion
®
 117, the S-invert-PPAT exhibits much higher proton conductivity, 
especially after the polymer swells. The polymer S-invert-PPTA and Nafion
®
 117 exhibit the 
highest conductivity at around 45 and 60 °C respectively, then the proton conductivities of these 
polymers decrease gradually as the temperatures increases. In contrast, the proton conductivity of 
the S-PPTA is lower but increased more steadily than the Nafion
®




























Figure 3.16 Proton conductivities of sulfonated PPTAs at 100% humidity and different 
temperatures. 
 
An explanation of this phenomenon is that the sulfonic acid group in S-PPTA is involved in 
intermolecular interactions and limited the ability of water absorption; however, the sulfonic acid 
groups do not appear in the interactions in S-invert-PPTA, thus, a strong interaction between 
sulfonic acid and water molecules can be formed. The S-invert-PPTA has much higher IEC (3.14 
meq/g) than the Nafion
®
 117 (IEC = 0.91 meq/g), which makes the S-invert-PPTA have the 
higher density of sulfonic acid groups than the Nafion
®
 117, resulting in higher proton 
conductivity. The proton conductivities of S-invert-PPTA and Nafion
®
 117 are more dependent 
on water absorption; because the water in the membrane can be evaporated under higher 
temperature conditions, which can decrease the proton conductivity of the membrane. 
 
Conductivity measurements as a function of reciprocal temperature 
for S-PPTA and S-invert-PPTA. Data are shown for the initial 
measurements and also after the polymer is swollen (indicated by 





This explanation also can be proved by the scanning electron microscopy analysis (SEM) 
and the microstructures of the sulfonated PPTA are shown in Figure 3.17. The SEM images 
show the different packing densities between S-PPTA and S-invert-PPTA. The structure of the 
S-PPTA looks much more compact than the S-invert-PPTA, and almost no clear layers can be 
observed in its image. The S-invert-PPTA has more open and apparent layers in the polymer 
structure under the same condition.
91 
As previously mentioned, sulfonic acid groups in S-PPTA 
could take part in the intermolecular interactions to form gel-like aggregates. The protons are 
probably involved in such interactions and cannot be transported in membranes freely during this 
process, resulting in lower proton conductivity. In contrast, S-invert-PPTA forms needle-like 
aggregates, which cannot trap the protons in the polymer structure, then these free protons help 
the membrane obtain higher proton conductivity.  
 
 




Fully sulfonated PPTAs have comparable proton conductivities to the Nafion
®
 117, and the 




leading to a conclusion that the proton conductivities of sulfonated PPTAs are more dependent 
on the micromorphology of the polymer and the ability of water absorption. However, these 
three different forms of fully sulfonated PPTAs are all water soluble to a certain degree at low 
temperature, and thus, cannot directly be used as a proton exchange membrane. 
3.5.4.3 Partially Sulfonated PPTA  
Researchers also studied a series of partially sulfonated PPTA membranes in order to pursue 
the sulfonated aromatic polyamides with high proton conductivity and low water uptake. Every 
et al. studied the properties of the random copolyamides of S-PPTA. The synthetic route is 
shown in Scheme 3.14. A series of the S-PPTA based random copolyamides with the different 
degrees of sulfonation can be obtained by adjusting the mole ratio of the sulfonated 1,4-
phenylene-diamine and unsulfonated 1,4-phenylene-diamine.  
 
 





































Every et al. compared the proton conductivity of a partially sulfonated polymer (m=1, n=2) 
with a fully sulfonated polymer, as shown in Figure 3.18.
90
 The conductivity of this random 
copolyamide showed a steady increase, ranging from 10
-3
 mS/cm to 10
-2
 mS/cm with the 
temperature increase. In addition, the proton conductivity of the fully sulfonated PPTA was 
twice that of the partially sulfonated PPTA, consistent with the numbers of sulfonic acid groups 
in fully and partially sulfonated PPTA membrane.
90
 However, this polymer was still water 
soluble.  
3.5.4.4 Sulfonated Aromatic Poly(Ether Amide)s 
Every's group found that the sulfonated polyamides using PPTA as the backbone can be 








performance of the polymer. Taeger et al. synthesized a series of sulfonated PPTA based 
aromatic poly(ether amide)s, including a random copolymer and a series of block copolymers. 
The chemical structures of these copolymers are shown in Figure 3.19.
89
 In order to decrease the 
water uptake of sulfonated polyamides 4,4’-oxydianiline (ODA) was added into the polymer 
backbone to improve the hydrophobicity of the polymer. 
 
 




All polyamides in Figure 3.19 are synthesized by using the low-temperature 
polycondensation method. A series of block copolymers with different IECs were obtained by 
changing the mole ratio of monomers. Compared to the water uptake of the sulfonated PPTAs, 
whose value is 79 wt.% at room temperature, sulfonated poly(ether amide)s have much lower 
water uptakes, ranging from 28 to 45 wt.%.
89
 The water uptake of the block copolymers 
decreases accompanied by the increase of the block copolymers chain length (Table 3.3). This 
result can be attributed to an increasing phase separation between the non-sulfonated and the 

















































Block copoly(ether amide)       IV   X=10, Y=5 
                                                     V   X=10, Y=10
                                                    VI   X=20, Y=20
                                                    VII  X=35, Y=35
Random copoly(ether amide)     III
S-PPTA     I
















I (S-PPTA) 3.144 2.015 79.0 
II (ODA) 0 0.025 11.4 
III (Random) 1.543 1.080 27.5 
IV (Block 5/10) 1.022 1.146 45.4 
V (Block 10/10) 1.543 0.968 42.7 
VI (Block 20/20) 1.543 1.250 32.5 
VII (Block 35/35) 1.543 1.078 31.9 
Nafion
®
 117 0.909 0.769 28.9 
 
 




Taeger et al. also studied the proton conductivities of these sulfonated poly(ether amide)s 
and the results are shown in Figure 3.20. Fully sulfonated PPTA exhibited much higher proton 
conductivity than partially sulfonated polyamides, which proved that the proton conductivity was 
more reliant on the degree of sulfonation. Furthermore, the conductivity values of block 
copolymers were higher than the random ones, due to more proton transport pathway in the 
Dependency of conductivity on temperature of 




membrane provided by the phase separation of the block copolymers. In addition, the longer 
block chain length of the copolymer provided higher proton conductivity depending on the phase 
separation of the block copolymers. However, these sulfonated poly(ether amide)s still can not 
be used to the proton exchange membrane due to the much lower proton conductivity.
89
 
Jo et al. synthesized other more complicated S-invert-PPTA based sulfonated aromatic 
poly(ether amide)s in order to obtain high performance of sulfonated aromatic polymers.
95
 The 
structures and synthetic route are shown in Scheme 3.15.  
 
 
Scheme 3.15 Chemical structures and synthesis route of S-invert-PPTA based poly(ether amide)s 


















































Different from many other research groups, they synthesized these random copoly(ether 
amide)s using the Yamazaki reaction. Sulfonic acid groups were introduced onto the electron 
withdrawing rings of the polymer, thus simplifying the synthesis process. In this reaction, the 
sodium forms of the sulfonated polymers were synthesized using the sodium form of the 
monomer. 1M H2SO4 solution was then used to acidify these polymers to obtain the proton forms 
of the polymer. A series of ODA-SPEAx (x= 40, 50, 60, 70) random copolymers were produced 
using the Yamazaki reaction. Other random copolymers, such as BAPP-SPEA70, BAPS-SPEA70, 
and HFBAPP-SPEA70, were synthesized to be the standard samples for the analysis of the 
properties of the ODA-SPEAx copolymers. 
Compared to the sulfonated PPTA membranes, all these sulfonated polymers exhibited 
lower water uptake. The IEC and water uptake of the proton forms of sulfonated poly(ether 
amide)s are reported in Table 3.4. Under the same degree of sulfonation, ODA-SPEAx 
copolymers exhibited higher water uptake than other types of poly(ether amide)s, because of the 
higher IEC of the ODA-SPEA polymer. In addition, the water uptake of the ODA-SPEAx 
membranes increases gradually accompanied with the degree of sulfonation increase. 
 












ODA-SPEA 40 1.05 1.10 17 
ODA-SPEA 50 1.33 1.34 23 
ODA-SPEA 60 1.56 1.58 24 
ODA-SPEA 70 1.83 1.80 32 
BAPP-SPEA 70 1.06 1.17 17 
BAPS-SPEA 70 1.11 1.13 10 






Figure 3.21 shows proton conductivities of the sulfonated poly(ether amide)s at different 
temperatures under 100 % relative humidity.
95
 ODA-SPEA70 exhibited the highest conductivity 
(42 mS/cm at 30 °C and 105 mS/cm at 80 °C) among the sulfonated poly(ether amide)s. 
Compared to the S-PPTA (IEC = 3.14 meq/g) membrane with reported conductivity values 
ranging from 2.0 to 2.5 mS/cm at 50 to 100 °C, ODA-SPEA polymers showed much higher 
conductivity with IEC as low as 1.80 meq/g, due to the location of sulfonic acid groups in the 
polymer. Every’s study indicated that the sulfonic acid groups of ODA-SPEA70 installed on the 
phenyl rings adjacent to electron withdrawing carbonyl groups resulted in higher acidity of 
sulfonic acid groups, compared to S-PPTA with sulfonic acid groups present on the phenyl rings 
adjacent to electron donating amide groups.
90
 The proton conductivity of the ODA-SPEA 
membrane was even closer to that of the Nafion
®
 117 at the higher temperature. S-invert-PPTA 
based poly(ether amide)s can possibly be used as proton exchange membranes in the future 
compared to the sulfonated PPTA membranes.  
 
 






In summary, several research groups studied the properties of PPTA based sulfonated 
polyamides and sulfonated poly(ether amide)s. The results all indicated that the S-invert-PPTA 
based poly(ether amide)s with its relative high conductivities and lower water uptakes were the 
better candidate for PEMFC than S-PPTA polymers. 
PPTA based sulfonated polymers have been systematically studied by many research groups. 
However, the poly(m-phenylene isophthalamide) (PMPI) based sulfonated aromatic polymers 
have not been investigated as proton exchange membrane to the best of our knowledge.  
 3.6  Conclusion 
PEMs as electrolytes have the ability to transfer protons between two electrodes. The 
desirable PEM should have good proton conductivity, good mechanical and chemical stabilities, 
and higher perm-selectivity. The proton transport capacities of PEMs are derived from the acidic, 
functional groups (usually sulfonic acid groups) attached to the polymer backbone. The 
mechanical stabilities are obtained from the hydrophobic polymer backbones. Nafion
®
 employs 
fluorinated hydrophobic Teflon as the backbone to provide mechanical properties, and sulfonic 
acid groups as the ion-conducting groups to provide proton conductivity. Nafion
®
 membranes 
have already been used in commercial areas like fuel cell vehicles and laptops because of its high 
conductivity and excellent chemical/thermal stabilities. However, these fluorinated membranes 
are too expensive to be widely applied in PEMFC. 
Sulfonated aromatic polymers were considered as a type of potential PEM materials because 
of their outstanding mechanical and thermal stabilities, and good chemical resistance. This thesis 
introduced the synthetic methods, the characterization, and performance of some classic 




poly(benzimidazole) (S-PBI), sulfonated poly(arylene ether sulfone)s (S-PAES), sulfonated 
poly(arylene ether ketone)s (S-PAEK), and sulfonated aromatic polyamides (S-PA). Comparing 
sulfonated aromatic polymers to Nafion
®
, some conclusions can be drawn:  
(1) Sulfonated aromatic polymers exhibited good thermal and chemical stabilities, and some 
of them showed even better performance than that of Nafion
®
. (2) Acid bonded 
polybenzimidazoles (S-PBI) had the highest acid doping capacity compared to any other 
sulfonated aromatic polymers. However, the low proton conductivity limits these polymers’ use 
in PEMFC. (3) Sulfonated poly(arylene ether sulfone)s (S-PAES) exhibited much higher proton 
conductivity than S-PBI. The conductivity was higher than Nafion
®
 membrane under high IEC 
condition.  However, excessive water uptake was observed and limits the application of the 
polymer in PEMFC. (4) Compared to S-PAES, the block copolymers of sulfonated poly(arylene 
ether ketone) (S-PAEK) membranes have higher proton conductivity while maintaining lower 
water uptake. These properties are comparable to that of Nafion
®
 and therefore make the block 
S-PAEK a promising material to be used in PEMFC. (5) Aromatic polyamide (PA) based 
sulfonated polymer membranes were studied by a few research groups, with research mainly 
focused on the poly(p-phenylene terephthalamide) (PPTA) based sulfonated polyaramides. 
Among these polymers, S-invert-PPTA based poly(ether amide)s exhibited relatively higher 
conductivity and lower water uptake than S-PPTA membrane, demonstrating its potential in 
PEMFC.  
Sulfonated aromatic polymers are worth further studies. The performance of these polymers 
could be improved by including sulfonated aromatic polymers in blended systems or block 
copolymers. The position of sulfonated groups was found to be important in facilitating proton 






























  CHAPTER 4




Modified from a paper to be published in Journal of Polymer Science Part A: Polymer Chemistry 
Liu, Feilong
2,3
 and Knauss, Daniel M.
2,4
 
 4.1 Introduction   
Proton exchange membrane fuel cells (PEMFC)s are a promising energy conversion technology 
for clean and efficient power generation.
96,97
 PEMFCs can be used for both stationary and 
portable power generation, with primary application for energy conversion in passenger cars.
98,99
 
Proton exchange membranes (PEM)s function as a solid-state electrolyte in PEMFCs by 
transferring protons between electrodes. The
100
 benchmark PEM, Nafion
®
, is a perfluorinated 
polymer with pendent sulfonic acid groups, exhibiting high chemical stability, good mechanical 





other perfluorinated polymer membranes suffer from their relatively high cost, environmental 
concerns about their manufacture, and decreased performance at lower humidity.
9,101
 Sulfonated 
engineering polymers, including poly(aryl ether sulfone)s,
12,55-58,72,78,102







 have been investigated as alternative 
PEMs to replace perfluorinated membranes. The aromatic backbone of these polymers provides 
good mechanical properties and imparts good chemical stability, and the aromatic groups offer 
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 and can display good stability to acidic conditions as evidenced by the 
fact that poly(para-phenylene terephthalamide) (Kevlar
®
) is processed from concentrated 
sulfuric acid. The preparation of sulfonated polyaramides using sulfonated p-phenylenediamine 
(2,5-diaminobenzenesulfonic acid) or sulfonated terephthalic acid (2-sulfoterephthalic acid) as 
sulfonated monomers has been investigated
12,89-93,95
 and their potential application as PEMs have 
been studied with varying results. Poly(para-phenylene terephthalamide)s (PPTA)s with 
sulfonated groups on each repeat unit display high proton conductivity, but are found to be water 
soluble and therefore unsuitable as PEMs.
90-93
 Random and block copolymers using sulfonated 
p-phenylene diamine with 4,4’-oxydianiline as an additional hydrophobic component 
successfully decreased the water solubility of sulfonated polyaramides, however, the polymers 
displayed low proton conductivities (≤ 3.0 mS/cm at 80 °C and 100 RH%).89 Most recently, Bae 
and coworkers used sulfonated terephthalic acid along with terephthalic acid and 4,4’-
oxydianiline as the monomers for the synthesis of PPTA-based aromatic copoly(ether amide)s.
95
 
They improved the proton conductivity of the PEMs to 105 mS/cm at 80 °C under 100% relative 
humidity for a polymer with 70 mole % sulfonated groups, while the water uptake of this 
membrane remained under 35 wt.% at room temperature. The high conductivity was in part 
attributed to the sulfonic acid groups attached to the electron deficient carbonyl-containing rings 
as opposed to the electron donating p-phenylene diamine ring in other studies. 
In contrast to research on PPTA based sulfonated polyaramides, the poly(meta-phenylene 




investigated as proton exchange membranes.  Pérez-Padilla and coworkers prepared copolymers 
of sulfonated copolyamides from isophthalic acid, 4,4’-(hexafluoroisopropylidene)dianiline and 
2,4-diaminobenzenesulfonic acid where a mix of meta and para linkages are present in the 
polymer.
94
 They used 2,4-diaminobenzenesulfonic acid, which produced sulfonic acid groups 
ortho to the backbone of the copolymer, but with the sulfonic acid groups on the electron rich 
aromatic ring. In this polymer, the water uptake was low for low degrees of sulfonated monomer 
incorporation, in part due to the fluorinated component.  The proton conductivity values were 
only measured at room temperature, but were also low (3.3 mS/cm for a copolymer with IEC of 
1.6 meq/g) similar to other polyaramides with the sulfonic acid group on the electron rich 
diamine ring.  
All meta-linked polyaramides have the potential for different chain packing, intermolecular 
hydrogen bonding, and free volume leading to different properties than those from the para-
linked polyaramides. In addition, positioning the sulfonic acid group meta to the polymer 
backbone may also lead to different properties compared to polyaramides with the sulfonic acid 
group ortho to the backbone.  Sulfonated isophthalic acid is commercially available as the 5-
sulfoisophthalic acid sodium salt and copolymers can be prepared with controlled degree of 
sulfonation by reaction of m-phenylene diamine with varying molar ratios of isophthalic acid and 
5-sulfoisophthalic acid.  The resulting polymers are a sulfonated version of poly(meta-phenylene 
isophthalamide) or Nomex
®
.  As in the work of Bae and coworkers,
95
 the sulfonic acid group is 
incorporated onto the electron deficient ring in this design and should lead to high proton 
conductivity. Both random and block sulfonated copolyaramides were synthesized in this work 
and the resulting polymers were characterized to determine the effect of structure on their 





Figure 4.1 General structure of PMPI based sulfonated copolyaramides. 
 
 4.2  Experimental 
 4.2.1 Materials and purification 
Meta-phenylene diamine (MPDA) (≥99%, Sigma-Aldrich) was purified by vacuum 
distillation followed by recrystallization from diethyl ether. 5-Sulfoisophthalic acid sodium salt 
(SIPA-Na) (95%, Sigma-Aldrich) was recrystallized from methanol. Isophthalic acid (IPA) (99%, 
Sigma-Aldrich) was recrystallized from ethanol.  N-methyl-2-pyrrolidone (NMP) (Sigma-
Aldrich) and pyridine (Mallinkrodt) were distilled from calcium hydride before use. Triphenyl 
phosphite (TPP) (Sigma-Aldrich) was dissolved in diethyl ether, washed two times with 5 wt. % 
sodium hydroxide followed by two times washing with saturated sodium chloride, then dried 
over MgSO4.  The ether solution was separated from the drying agent, the ether was evaporated, 
and the TPP was distilled under vacuum. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) was used 
as received. Lithium chloride (Fisher) was dried in a vacuum oven before use. 
 4.2.2 Synthesis of random copolymer of sulfonated poly(meta-phenylene isophthalamide) 
MPDA-SIPAx (Na) 
Varying mole ratios of SIPA-Na and IPA (10.00 mmol in total) were introduced to afford 
varying mole fractions of sulfonate groups with the specific procedure given for the preparation 


















mmol) and MPDA (1.0814 g, 10.00 mmol) were introduced into a 125 mL single neck round-
bottom flask followed by lithium chloride (1.3479 g, 31.45 mmol). The flask was sealed with a 
rubber septum before purging with nitrogen for 30 minutes. TPP (5.80 mL, 22.00 mmol), NMP 
(36.6 mL) and pyridine (13.4 mL) were added to the flask via syringe. The flask was then placed 
into a 105 °C oil bath and stirred for 24 hours. After reaction, the viscous solution was 
precipitated into 600 mL methanol; the precipitate was collected by filtration, followed by re-
dissolving in DMSO and re-precipitating in methanol. The precipitate was collected by filtration 
and dried in a vacuum oven at 80 °C overnight to yield 2.7 g (99%) of an off-white powder. 
 4.2.3 Synthesis of sulfonated block copolymer (MPDA-SIPA)40-b-(MPDA-IPA)60(Na) 
MPDA (0.7310 g, 6.760 mmol), SIPA-Na (1.4434 g, 5.380 mmol) and lithium chloride 
(0.8094 g, 19.09 mmol) were added to a 125 mL single neck round-bottom flask, which was then 
sealed with a rubber septum and purged with nitrogen for 30 minutes. TPP (3.50 mL, 13.36 
mmol), 22.3 mL NMP and 8.1 mL pyridine were added to the flask through syringe. The reaction 
flask was placed in a 105 °C oil bath and the reaction mixture stirred for 24 hours. MPDA 
(0.7241 g, 6.690 mmol), IPA (1.3412 g, 8.070 mmol) and lithium chloride (0.9847 g, 23.23 
mmol) were added to another single neck round-bottom flask, followed by sealing with a rubber 
septum and purging with nitrogen for 30 minutes. TPP (4.30 mL, 16.41 mmol), 27.0 mL NMP 
and 9.9 mL pyridine were added to this flask through syringe. After the solids were all dissolved, 
the solution was transferred to the reaction flask using a cannula. The reaction mixture stirred at 
105 °C for 24 hours. The flask was then cooled to room temperature and the viscous solution 
was precipitated in 750 mL methanol. The precipitate was collected through filtration and then 




filtered and dried in a vacuum oven at 80 °C overnight to yield 3.5 g (96%) of an off-white 
powder. 
 4.2.4 Membrane preparation of sulfonated copolyaramides MPDA-SIPAx(H) and   
(MPDA-SIPA)40-b-(MPDA-IPA)60(H) 
0.1 g sodium-sulfonate polyaramide was dissolved in 2 mL DMSO and the solution was 
directly drop-cast onto a clean glass substrate and held at 80 °C for 24 hours. The membrane was 
converted to its sulfonic acid form by immersing in 0.01 M H2SO4 for 24 hours. The membrane 
was immersed in fresh deionized water every two hours for a total of 8 hours to remove excess 
sulfuric acid and any remaining DMSO. 
1
H NMR (500 MHz, DMSO-d6, δ): 7.32 (t, 2H), 7.50 (s, 
4H), 7.66 (t, 1H), 8.13 (s, 2H), 8.35 (s, 4H), 8.48 (s, 2H), 8.52 (s, 2H), 10.48 (s, 1H), 10.61 (s, 
1H).  
13
C NMR (125 MHz, DMSO-d6, δ): 165.66, 165.42; 139.83, 135.68, 135.40, 131.25, 
129.26, 129.11, 128.32, 127.78, 127.63, 116.82, 116.71, 113.38. 




C NMR spectra of the proton form of sulfonated random and block copolyaramides 
were measured by using a JEOL ECA-500 FT-NMR spectrometer at room temperature. Samples 
were made by dissolving films that had been converted into the proton form.  Dimethyl 
sulfoxide-d6 was used as the solvent and reference, and chemical shifts (δ) are reported in ppm.  
Inherent viscosities were determined for the sodium form of the sulfonated polymers at 
polymer concentrations of 0.2g/dL in DMSO at 35 °C using a Cannon-Ubbelohde viscometer (H 
103).   
Thermal stability of membranes in the sulfonic acid form was measured by 




flow rate of 100 mL/min and a heating rate of 10 °C/min. The polymer membranes were dried in 
a vacuum oven at 80 °C overnight before TGA measurement.  
Water uptake (WU) of membranes were calculated based on the following equation: 
Water Uptake (wt.%) =
!!"#!!!"#
!!"#
                                          (4.1) 
Where Wdry and Wwet are the weights of dry and wet membranes. The membrane in the sulfonic 
acid form was immersed in deionized water for 24 h. The water on the surface of the membrane 
was removed by blotting with tissue paper, and the membrane was weighed on a balance to 
obtain Wwet.  The membrane was dried in a vacuum oven at 80 °C overnight to determine Wdry.  
The process of immersion in water, weighing, and drying was repeated three times in order to 
determine average values.  
The water uptake of membranes in different humidity conditions was measured by using a 
SMS dynamic vapor sorption (DVS) instrument. All samples were dried in a vacuum oven at 
80 °C overnight before measurement. The sample was loaded on a glass sample pan hanging 
from an ultrasensitive microbalance for measurement. The temperature of the experiments was 
set to 60 °C for the different humidity cycles, and the relative humidity was controlled by 
proportionally varying the nitrogen gas and water vapor stream. During the measurement of the 
equilibrium mass, the samples were first kept at 0% relative humidity (RH) for 8 h, then held at 
25% RH for 4 h, then at 50 RH%, 75% RH, and 95% RH condition each for 2 h. The RH was 
then reversed to 0% RH with the same humidity change steps, and the cycle was run twice. The 
equilibrium mass at the end of each step was used to calculate the water uptake from the 





Water uptake at 95% RH as a function of temperature was measured using a TestEquity® 
(Solatron 1007H Model) environmental chamber. All samples were dried in a vacuum oven at 
80 °C overnight before measurement, then the samples were kept at different temperatures with 
humidity controlled at 95% RH for 2 hours.  Samples were removed from the oven and quickly 
measured to determine the water uptake. 
The calculated ion exchange capacity values (IEC) of each membrane in their sulfonic acid 
form were estimated from the molar feed ratio of IPA and SIPA in the polymerization and were 
confirmed by
 1
H NMR spectroscopy. The titrated IEC values were determined by back titration 




                                                   (4.2) 
Where VHCl and CHCl are the volume and concentration of the standardized HCl solution; VNaOH 
and CNaOH are the volume and concentration of standardized NaOH solution; Wdry represents the 
weight of the dry membrane. The samples in proton form were first dried in a vacuum oven at 
80 °C overnight to determine Wdry. The dry membranes were then immersed in 9.00 mL of 
standardized NaOH solution (0.01 M) for 24 h to fully neutralize the sulfonic acid groups. The 
residual NaOH was titrated by standardized HCl solution (0.01 M) to obtain VHCl.  
In-plane proton conductivity was measured by electrochemical impedance spectroscopy 
(EIS). The membrane was fixed on a 4-probe Teflon cell, using Pt electrodes connected to a 
BioLogic VMP3 Potentiostat, and controlling the frequency range from 1 Hz to 100 kHz. The 
proton conductivity was calculated based on the following equation: 
� =  
!
!sWs!





Where σ indicates the proton conductivity of the membrane (S/cm), d is the distance 
between two reference electrodes (mm), Ls and Ws are the thickness (mm) and width (mm) of the 
membrane under dry condition, and R is the ohmic resistance of the membrane (Ω). The 
thickness and width of each membrane were measured by using a digital micrometer and all data 
were the average of five measurements. All membranes were measured at temperatures ranging 
from 50 °C to 90 °C under 95% RH. Humidity and temperature were controlled through a 
TestEquity® (Solatron 1007H Model) environmental chamber.  
Water durability of membranes was determined by immersing the membrane in water at 
different temperatures for at least 3 h.  
 4.3  Results and discussion 
 4.3.1 Synthesis of sulfonated random copolyaramides MPDA-SIPAx 
Sulfonated copolyaramides with varied degree of sulfonation (DS) were prepared by the 
Higashi-Yamazaki phosphorylation method.
111
 Different reaction conditions were studied to 
determine the best polymerization results, and the highest polymer solution viscosities were 
found with monomer concentrations of 0.3 M, a ratio of triphenylphosphite to total monomers of 
1.1, two weight percent lithium chloride, and a volume ratio of NMP to pyridine of 4.  
Polymerizations were conducted over 24 hours at 105 °C.  The degree of sulfonation was varied 
by altering the molar ratio of isophthalic acid (IPA) to 5-sulfoisophthalic acid sodium salt (SIPA-
Na) and reacting with m-phenylene diamine (MPDA) to prepare randomly distributed sulfonated 
groups along the meta-linked backbone (Scheme 4.1). The resulting polymers were identified as 
MPDA-SIPAx(Na) with the subscript X indicating the molar ratio of sulfonated monomer, or the 








Scheme 4.1 Synthesis of random sulfonated copolyaramides MPDA-SIPA  
 



















MPDA-SIPA40 1.94 40 1.48 1.46 16.8 ± 0.2 
MPDA-SIPA45 1.75 45 1.64 1.60 19.4 ± 0.2 
MPDA-SIPA50 1.53 50 1.80 1.75 68.4 ± 5 
MPDA-SIPA70 1.24 70 2.38 2.35 326 ± 12 
MPDA-SIPA80 1.02 80 2.65 2.61 350 ± 20 
 MPDA-SIPA100 0.49 100 3.14 - - 
(MPDA-SIPA40)-b-(MPDA-IPA) 1.91 39 1.48 1.45 16.3 ± 0.2 
a:Determined for sodium form of polymer at 0.2g/dL in DMSO at 35 °C; b:Determined by 1H NMR spectroscopy; 




1. 0.01M H2SO4, 24h











































A series of randomly sulfonated copolymers was produced by varying the molar ratio of 
SIPA-Na to IPA ranging from 40 to 100 and corresponding to theoretical ion exchange capacity 
(IEC) values from 1.48 to 3.14 mmol/g (Table 4.1). In this random copolymer, non-sulfonated 
IPA was introduced into the polymer chain to adjust the hydrophobic-hydrophilic character of 
the polymer and suppress the water solubility of the polymer membrane. MPDA-SIPAx(Na) 
polymers could be redissolved in DMSO and cast into membrane films. The obtained films were 
creasable and qualitatively tough, indicating the sufficiently high molecular weights of the 
polymers. Dilute solution viscosities were measured in DMSO to obtain inherent viscosities 
representative of the high molecular weight polymers.  The polyelectrolyte effect results in lower 




The MPDA-SIPAx(H) polymers were characterized by 
1
H NMR spectroscopy. Figure 4.2 
represents the 
1
H NMR spectrum for the 40% SIPA copolymer, MPDA-SIPA40(H). The all 
aromatic polymers displayed the expected chemical shift values with aromatic peaks at δ=7.32, 
7.50, 8.35 representing the protons connected to the aromatic rings from the MPDA residue and 
aromatic peaks at δ=7.66, 8.13, 8.35, 8.48 and 8.52 ppm corresponding to the protons on the 
aromatic rings of the IPA and SIPA residues, as depicted in Figure 4.2. The NMR spectrum 
displayed two unique downfield peaks, “x” and “y”, at δ=10.61 and 10.48 ppm, corresponding to 
the amide protons from the two unique environments. The peak “x” is the signal from the 
protons on the amide group connected to the SIPA residue, and the peak “y” is the signal for the 








H NMR spectrum for MPDA-SIPA40(H) (SIPA = 40 mol%, IPA = 60 mol%). 
 
The degree of sulfonation (DS) for the series of polymers was calculated by the molar ratio 
of SIPA to IPA units determined through the integration ratio of the amide protons “x” and “y” 





H NMR spectroscopic determination of DS. 
 
The intensities of peak “x” increased relative to “y” with the increased feed ratio of 
sulfonated monomer. The integration of the “x/ y” peaks in the 
1




excellent agreement with the molar feed ratio of monomers, indicating the precise control of the 
DS in the copolyaramides.  The NMR spectrum does not reveal information about the 
randomness of the sulfonated groups along the backbone, although it is conjectured that minimal 
differences in reactivity between SIPA-Na and IPA lead to a random distribution of sulfonated 
units. 
 4.3.2 Synthesis of sulfonated block copolyaramide (MPDA-SIPA)40-b-(MPDA-
IPA)60(H) 
In order to compare the randomly sulfonated copolyaramides with more separated 
hydrophobic and hydrophilic components, a sulfonated segmented multiblock copolyaramide 
(MPDA-SIPA)40-b-(MPDA-IPA)60(H) with overall DS of 40 was prepared. The multi-block 
copolymer was synthesized through a two-step reaction. In the first step, a sulfonated 
polyaramide block of approximately 3000 g/mol (approximately 9 repeat units) was synthesized 
from SIPA-Na and MPDA with an excess of MPDA calculated using the Carothers equation.
113
  
To the amine-terminated sulfonated block was added the remaining MPDA and IPA 
necessary to reach stoichiometric equivalence and achieve high molecular weight copolymer.  
The polymerization linked together the preformed sulfonated blocks with the hydrophobic 
component monomers to lead to a proposed structure with increased separation of hydrophobic 
and hydrophilic segments than in the random copolymers.  The synthesis is depicted in Scheme 
4.2. The described method of in-situ multi-block polymerization was used rather than preforming 
both blocks and then linking together because of the inherent difficulty expected in effectively 






Scheme 4.2 Synthesis of sulfonated block copolyaramide, (MPDA-SIPA)40-b-(MPDA-IPA)60(H) 
 
The block copolymer, (MPDA-SIPA)40-b-(MPDA-IPA)60(H), produced using this procedure 
was characterized by 
1
H NMR spectroscopy to determine the polymer composition. The 
1
H 
NMR spectrum of the block copolymer was compared with the random copolymer of the same 
DS, MPDA-SIPA40(H) (Figure 4.4) The two polymers exhibit the same chemical shift for all 
peaks and almost the same integration of unique amide peaks. The 
1
H NMR spectrum cannot 
distinguish the blockiness and can only be used to determine the DS.  
13
C NMR spectroscopy 
was also performed on both the random and block copolymers, but again the spectra were found 
1. 0.01M H2SO4, 24h





























































x = 9 repeat units
+
H2N NH2






to display no discernible differences as the separation of repeat units does not allow 
determination of sequence distribution.  While the exact block length of the pre-made sulfonated 
block was not determined, the subsequent polymerization of remaining monomers produces a 
polymer that is presumed to have a greater amount of blockiness of the sulfonated units than 





H NMR spectra of the proton form of random and block copolyaramides at DS = 40 
mol%. 
 
 4.3.3 Ion exchange capacity and water uptake  
Ion exchange capacity (IEC), water uptake, and proton conductivity are important values 
used for the determination of the performance of PEMs.
12,78,96
 IEC is an important property that 
can significantly affect water uptake and both water uptake and the IEC determine proton 
conductivity. Typically, a hydrocarbon-based membrane with higher IEC displays improved 
proton conductivity because the greater concentration of sulfonated ionic groups in the 




uptake for the membrane.  While increased water can also facilitate proton transport and lead to 




The series of polymers produced were designed with varying amounts of hydrophilic ionic 
groups and hydrophobic segments in order to prepare polymers with different IECs and different 
properties.  From the 
1
H NMR spectroscopy, the DS in the copolymer was well-controlled by the 
feed ratio of SIPA-Na to IPA. The DS and IEC were also determined by titration with the 
resulting values provided in Table 4.1 The titration values agree very well with the NMR 
spectroscopy results and feed ratios. The random copolyaramides have titrated IEC values that 
range from 1.46 to 2.61 mmol/g for the polymers with DS from 40 to 80, and the block polymer 
sample with DS of 40 displays a titrated IEC of 1.45 mmol/g.  
Water uptake is another important property, affecting both the proton conductivity and 
ultimately, the mechanical properties of the membrane.
79
 The water uptake of the random 
copolyaramides was measured by soaking in water at room temperature (Table 4.1). With the 
increased DS of the membrane from 40 to 100 mol%, the water uptake of the polyaramides also 
increases. The membranes with low DS show low water uptake of 16.8 and 19.4 wt.% for the DS 
40 and 45 samples.  Increasing the DS to 50 mol% and above increases the water uptake 
dramatically, with the completely sulfonated polymer dissolving in water at room temperature.  
At room temperature, the block copolymer sample with DS of 40 mol% shows approximately the 
same water uptake (16.3 wt.%) that is demonstrated for the random copolymer of the same DS. 
Specific copolymer samples were chosen for detailed analysis. Both the random and block 
copolymer with DS of 40 showed low water uptake at room temperature (approximately 16 wt.%) 




copolymer, respectively.  It was proposed that these samples could be suitable for application as 
proton exchange membranes and therefore proton conductivity and water durability were 
investigated further. 
 4.3.4 Water durability of sulfonated copolyaramides, MPDA-SIPA40(H) and (MPDA-
SIPA)40-b-(MPDA-IPA)60(H) 
The durability of the membranes in water was studied in this research. We studied the water 
uptake of MPDA-SIPA40(H) and (MPDA-SIPA)40-b-(MPDA-IPA)60(H) by soaking in water at 
different temperatures and the results are displayed in Table 4.2.  
 
Table 4.2 Water durability and solubility of MPDA-SIPA40(H) and (MPDA-SIPA)40-b-(MPDA-












25 16.8 - 16.3 - 
40 26.3 - 20.3 - 
50 45.5 - 21.7 - 
60 136.8 - 24.2 - 
70 - 62 48.7 - 
80 - 32 - 180 
90 - 21 - 171 
100 - 9 - 28 
 
The sulfonated random copolyaramide membrane, MPDA-SIPA40(H), exhibited low water 
uptake at room temperature compared with other sulfonated copolyaramides in the literature.
89-
93,95
 The random copolymer membrane had reasonably low water uptake at temperatures below 
50 °C, but the water uptake increases sharply at higher temperatures. The water uptake increased 
by more than 90 wt.% from 50 °C to 60 °C, and the membrane eventually became soluble in 
water above 70 °C. While the strong intermolecular interactions maintain the polymer film at 




solubility of the membrane at high temperatures. Increasingly higher temperatures were found to 
shorten the time necessary for dissolution of the polymer. 
In the pursuit of greater water durability, the block copolyaramide, (MPDA-SIPA)40-b-
(MPDA-IPA)60(H), with increased separation of sulfonated and non-sulfonated segments was 
synthesized to suppress the water uptake of the polymer at high temperatures. In contrast to the 
random copolymer, MPDA-SIPA40(H), the block copolymer (MPDA-SIPA40)-b-(MPDA-IPA)(H) 
displayed decreased water uptake and was stable in water at 70 °C. At higher temperatures, the 
block copolymer also became water-soluble, however longer times for dissolution were observed, 
demonstrating the increased water durability of the block copolymer. Figure 4.5 shows the water 
uptake of block and random copolyaramides with DS of 40 mol% at different temperatures. The 




Figure 4.5 Water uptake of MPDA-SIPA40(H) and (MPDA-SIPA)40-b-(MPDA-IPA)60(H) in bulk 





The determination of the water uptake for the random and block copolymers in bulk water is 
an important index, but reflects extreme operating conditions of PEMs. To better understand the 
water absorbing habit of these membranes, we studied the water uptake for the random and block 
copolyaramide membranes with variation of relative humidity. Water uptake at different relative 
humidity was determined gravimetrically from dynamic vapor sorption (DVS) at 60 °C, as 
shown in Figure 4.6. 
 
 
Figure 4.6 Dynamic vapor sorption analysis of sulfonated copolyaramides at 60 °C. 
 
Increases in relative humidity resulted in small increases in the water absorbed by the 
membranes.  The water absorption value for the random copolymer at 95% RH in the humidity-
controlled oven was dramatically lower than that observed when the membrane was immersed in 
water at 60 °C (25 wt.% vs. 137 wt.%).  The block copolymer showed slightly lower water 




copolymer shows similar water uptake values under both 95 RH% and in bulk water (23 and 24 
wt%, respectively). The results indicate that both the random and the block PMPI based 
sulfonated copolyaramides absorb low amounts of water under humidified air conditions.  
A further examination of the water uptake was done by putting the films in a humidity-
controlled oven at 95% RH and measuring the water uptake as a function of temperature (Figure 
4.7).  Here the samples were removed from the oven to measure the water uptake values, 
however the results show the same trends as the dynamic vapor sorption results with the random 
copolymer taking up slightly more water than the block copolymer.  The water uptake at 95% 
RH is significantly less than in bulk water at higher temperatures. 
 
 
Figure 4.7 Water uptake of MPDA-SIPA40(H) and (MPDA-SIPA)40-b-(MPDA-IPA)60(H) at 
different temperatures under 95% RH. 
 
 4.3.5 Thermal stability test of sulfonated copolyaramides 
The thermal stability at relatively high temperature could affect the performance of the 




MPDA-SIPA40(H) and (MPDA-SIPA40)-b-(MPDA-IPA)60(H), was measured by 
thermogravimetric analysis (TGA) (Figure 4.8). Two stages of weight loss were observed in the 
TGA curves. The first weight loss appeared from 50 °C to 180 °C and corresponded to 
approximately 3 percent of the mass (Figure 4.8 inset).  
 
 
Figure 4.8 TGA curves of sulfonated copolyaramides MPDA-SIPA40(H) and (MPDA-SIPA)40-b-
(MPDA-IPA)60(H). 
 
Because of the strong hydrophilic nature of the sulfonic acid groups and the amide groups of 
the backbone, the membrane can strongly absorb water from the atmosphere resulting in a 
prolonged release of the water molecules over an extended temperature range. The slight weight loss 
under 200 °C can be attributed to water evaporation during this process.
104
 The second stage of 
weight loss occurs above 295 °C and is proposed to be due to the desulfonation of –SO3H groups 
and cleavage of the C-S bonds.
115
 The weight percentage of the second weight loss during the 
desulfonation process depends on the degree of sulfonation of the copolymer and the two 




weight loss curve from 200 °C to 500 °C. The 5 % weight loss for the random copolymer was 
determined as 381 °C and the block copolymer as 383 °C, however the actual 5 % weight loss of 
the two copolymers is predicted to occur at slightly higher temperatures based on the fact that the 
water loss was included in the 5 % weight loss determination. A very slight difference in the 
TGA curves of the two copolymers between 50 °C and 200 °C showed that the block copolymer 
lost water at a slower rate than for the random copolymer, however, the difference is very small. 
TGA measurement indicated that both the random and block PMPI based copolymers have 
similar thermal degradation behaviors and that they exhibited good thermal stabilities at relative 
high temperatures. 
 4.3.6 Proton conductivity of membranes 
The proton conductivities of MPDA-SIPA40(H) and (MPDA-SIPA)40-b-(MPDA-IPA)60(H) 
were measured from 50 °C to 90 °C under 95% RH and the proton conductivity of Nafion
® 
117 
was measured under the same conditions for comparison (Table 4.3). The IEC for both the 
random and the block copolymer are similar at 1.46 and 1.45 meq/g, respectively, while the IEC 
for Nafion
® 
117 is 0.91 meq/g.
116
 Each of the materials displays a different profile of 
conductivity versus temperature at 95% RH.  At low temperatures, the random copolymer, 
MPDA-SIPA40(H), displays higher proton conductivity than Nafion
®
 117 (or the block 
copolymer), which could be attributed to the combination of high IEC and slightly higher water 
uptake for the random copolymer.  Both the random and block copolyaramides meet or exceed 
the conductivity of Nafion
®
117 at high temperatures, with the block copolymer showing the 
highest conductivity at 80 °C of 144 mS/cm.  The conductivities level off or decrease for each of 




membrane at high temperature conditions,
13,72,79,91
 although we do not observe a decrease in 
water uptake for the copolyaramides at 90 °C (Figure 4.7). While the block copolymer displays 
the highest conductivity at high temperature, the random copolymer shows relatively high 
conductivities at each temperature.  Comparing the conductivities of the different 
copolyaramides to their water uptake at 95% RH in Figure 4.7, the conductivity behavior is 
dependent on water uptake, but more importantly on the polymer structure. 
 
Table 4.3 Proton conductivities of MPDA-SIPA40(H), (MPDA-SIPA40)-b-(MPDA-IPA)60(H), 
and Nafion
® 






















MPDA-SIPA40 (H) 86 ± 3.7 100 ± 4.6 108 ± 5.9 116 ± 6.2 117 ± 4.6 
(MPDA-SIPA)40-b- 
(MPDA-IPA)60(H) 
34 ± 4.1 58 ± 4.5 102 ± 6.2 144 ± 4.5 129 ± 4.5 
Nafion
® 
117 36 ± 2.1 63 ± 2.9 87 ± 3.3 114 ± 2.8 117 ± 3.3 
 
The proton conductivities of the copolyaramides in this work are higher than that found for 
other sulfonated polyaramides described in the literature.  One contribution to the proton 
conductivity is the expected increased acidity of the sulfonic acid group on the electron deficient 
aromatic ring as was observed by others.
95
 In addition, the use of 5-sulfoisophthalic acid as the 
sulfonated monomer positions the sulfonic acid group away from the all meta-linked polymer 
backbone, with the structure leading to improved properties. 
 4.4 Conclusion 
A series of meta-linked sulfonated polyaramides were prepared with different degrees of 
sulfonation using 5-sulfoisopthalic acid as sulfonated monomer.  The degree of sulfonation could 




controlling the addition of monomers produced a segmented multi-block copolymer.  Detailed 
characterization of random and block copolymers with 40 mol percent sulfonation showed that 
the polymers are suitable as proton exchange membranes with both low water uptake and high 
proton conductivities.  The high proton conductivities are a result of the position of the sulfonic 
acid group on the electron deficient ring of the polyaramide backbone.  The block copolymer 
exhibits lower water uptake and displays greater water durability than the random copolymer at 
higher temperatures due to the separation of hydrophilic and hydrophobic segments in the block 
copolymer.  We have continued to characterize these materials to understand the morphology 
and water diffusion properties of the membranes in order to improve the design of polyaramide 
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  CHAPTER 5
INTRODUCTION TO ANION EXCHANGE MEMBRANES 
 
 5.1 Anion exchange membranes 
Anion exchange membranes (AEMs) are functionalized polymer membranes that can serve 
as a solid electrolyte for transporting hydroxides from cathode to anode in alkaline fuel cells.
118
 
A suitable AEM should satisfy several requirements. First, it should have good chemical stability 
with a structure that is stable under basic conditions. It should also have sufficient mechanical 
stability to endure the stresses applied under operating conditions and high thermal stability is 
required for membranes operating in a high-temperature environment. Lastly, a high hydroxide 
transporting efficiency is required for good AEM conductivity.
119
 
The properties of AEMs are a result of the polymer structure that comprises the membrane. 
A typical AEM structure contains hydrophilic cationic functional groups combined with 
hydrophobic polymer backbones. The hydrophobic polymer provides chemical, thermal and 










 Hydrophilic cationic functional groups are attached to the 
polymer backbones to provide for a charge balance for the transport of anions through the 





 and acyclic quaternary ammoniums and  
guanidiniums
131,132














The performance of AEMs, including anion conductivity and water uptake, is highly 
determined by the properties of the hydrophilic cationic groups. However, the cationic groups in 
AEMs for an alkaline fuel cell can potentially degrade by reaction with hydroxide ions. 
Therefore, the alkaline stability of cations should be highly considered in the design of cationic 
functional polymers. This chapter will first introduce the performance of functional cationic 
groups in AEMs and then focus on introducing alkaline stability to cationic groups. 
 5.2 Functional cationic groups in anion exchange membranes 
 5.2.1 The hydroxide conductivity of AEMs 
The hydroxide conductivity of AEMs is a critical parameter indicating the potential 
performance in an alkaline fuel cell.  Increasing the proportion of cationic groups in the 
membrane is one method to improve the ionic conductivity; however, a large proportion of 
hydrophilic cationic groups leads to a loss of the mechanical strength of the membrane by 
promoting excessive water absorption. Therefore, controlling both the number of cationic groups 
(the ion exchange capacity) along with the membrane morphology is required to avoid this 
shortcoming. Controlling the morphology such that the ionic groups can be partitioned to a 
hydrophilic phase and a hydrophobic phase can be present for mechanical strength ensures that a 
membrane can persist.  
 5.2.2 Transport mechanisms of anionic groups in AEMs 
The ion transport mechanisms of AEMs are introduced to explain the conductivity behavior 
of AEMs. The ion transport mechanisms in AEMs include the Grotthuss mechanism, diffusion, 
migration, and convection.
118




used to explain the movement of protons under aqueous conditions in PEMs.  Hydroxide ions 
show a similar Grotthuss behavior as protons in aqueous solution, and researchers have adopted 
this mechanism to explain the hydroxide transporting behavior of AEMs.
138
 According to this 
mechanism, free water molecules in the membrane are necessary and hydroxides can readily 
combine with water molecules through hydrogen bonds to form hydrated hydroxide ions. 
Hydrogen abstraction by a hydroxide ion results in a new water molecule and hydroxide. 
Through the repeating process of hydrogen bond formation and cleavage between hydroxide ions 
and free water molecules, the hydroxide can hop from one water molecule to another, eventually 
transporting through the membrane.
118,138
  
The Grotthuss mechanism, however, cannot completely explain the hydroxide transporting 
behavior of AEMs. The ion conductivity of AEMs is usually much lower than that of PEMs, 
even for the same polymer backbone structures, and comparable ion exchange capacity. One 
explanation for this behavior is that compared to PEMs, in which the hydronium ions are 
naturally integrated into the hydrogen-bonding network in water medium, the hydroxide ions 
tend to have stable solvation shells to reorganize the solvent molecules and perturb the hydrogen-
bonding network in water medium, resulting in the low anion transport efficiency.
139,140
 The 
lower conductivity of AEMs also may come from the lower mobility of hydroxide ions over that 
of protons in PEMs.
118
 Furthermore, depending on experimental conditions, low hydroxide 
conductivity could actually be the result of anion exchange between hydroxide and carbonate 
during the measurement process resulting in an erroneously low value.
119,141
 
Recently, Chen and coworkers provided a study of hydroxide solvation and transport in 
AEMs through computer simulation.
142
 They studied the behavior of hydroxide in 




is shown in Figure 5.1.  
 
 





In this system, the hydroxide transport is not only based on Grotthuss hopping but is also 
affected by the vehicular mechanism. In the PVBTMA polymer structure, the short distance 
between adjacent rigid side chains and low flexibility of these chains would form an organized 
distribution of cationic groups. When these cationic groups are close enough to each other, 
eventually some parts of them will overlap with some other parts to form continuous surface 
regions for hydroxide transport. The study emphasized that the hydroxide groups are not crossing 
the membrane by hopping from one cationic group to another. Instead, the hydroxide can 
transport continuously along the surface belt of cationic groups. 
In summary, the hydroxide transport process of AEMs is a complicated behavior that cannot 
be simply explained by an independent mechanism.  Multiple transport mechanisms take part in 
the hydroxide movement at the same time, and the degree of participation of various mechanisms 




 5.3 Chemical stability of functional cationic groups 
Functional cationic groups can be readily attacked by hydroxide and loss of the cationic 
group as a result of hydroxide ion attack leads to a decrease in the conductivity of the membrane. 
Research to identify and install appropriate cations with good chemical stability is one of the 
biggest challenges in the design of AEMs for alkaline fuel cells. In order to develop base 
stability of AEMs, the degradation mechanism of the cations under alkaline conditions must be 
understood. 
 5.3.1 Degradation mechanisms of cation groups 
The cationic functional group can be comprised of different types of structures as presented 
above.  Most research on cationic functional groups in AEMs has focused on quaternary nitrogen 
molecules and the mechanism of degradation of quaternized nitrogen molecules will be the focus 
here.  Quaternary ammonium structures can decompose in the presence of hydroxide ions 









 and Stevens rearrangements
147,149
. 
Among the different degradation mechanisms, nucleophilic substitution is a common reaction for 
many cationic structures.
143,144
 In nucleophilic substitution, hydroxide ions attack the α-carbon of 
the ammonium group to form an alcohol with loss of the ammonium as a neutral amine. Attack 
on different α-carbons are shown as examples in Scheme 5.1. 
 
 


















Elimination reactions also commonly occur in the ammonium degradation process. E2 
Hoffman elimination occurs when the β-position contains a proton in a trans-periplanar 





Scheme 5.2 Mechanism of Hoffman elimination (A) and E1 elimination (B) 
 
In this reaction, the hydroxide ion abstracts the β-proton and the electrons of the β-hydrogen 
eliminate the ammonium group in the formation of an alkene. However, when the cationic group 
contains bulky charged structures, E1 type eliminations can also occur under alkaline 
conditions.
146
 In this case, the hydroxide ion first attacks the proton of the α-carbon, and then 
rearranges the molecular structure to form the alkene product (Scheme 5.2). 
Aside from direct substitution and elimination reactions, Stevens and Sommelet-Hauser 
rearrangements also can happen in the quaternary ammonium degradation process.
147
 In the 
Stevens rearrangement (Scheme 5.3 A), hydroxide ion first attacks the α-carbon proton next to 
the ammonium group to form an ylide. Intramolecular rearrangement results in the movement of 
an R group from the ammonium to the α-carbon. In this reaction, an electron-withdrawing group 
is needed in the ammonium structure, and it is usually allyl, benzyl, propargyl, or a methyl group. 






























B). In this mechanism, the benzylic methylene is acidic and is deprotonated to form a benzylic 
ylide. The benzylic ylide is in equilibrium with the ylide from another α-carbon. The ylide 
structure can undergo 2,3-sigmatropic rearrangements to form a neutral product.
148
 The Stevens 
and Sommelet-Hauser rearrangements both form the ylide during the reaction; however, the 
reaction conditions of these two rearrangements are different. Stevens rearrangement usually 
happens under high-temperature conditions, while the Sommelet-Hauser rearrangement could 





Scheme 5.3 Mechanism of Stevens (A), Sommelet-Hauser rearrangements (B) and an example to 















































Most cationic groups, and especially ammonium groups are attacked by hydroxide at 
elevated temperatures to result in degradation through one or more of the above reactions. To 
ultimately design cationic groups and polymers containing cationic groups that have high 
alkaline stability, the degradation behavior of different types of cationic groups need to be 
studied.  By understanding the characteristics of stable cations, methods of modifying cationic 
groups can be developed and more stable membranes can be prepared. 
 5.3.2 Chemical stability of acyclic cations 







 and others. The general structures of these cations are shown in Figure 5.2. 
Among these cations, quaternary ammoniums (QAs) are the most common in AEMs.  
 
 
Figure 5.2 Chemical structures of acyclic cations. 
 
Two types of attachments of acyclic QAs have been commonly studied as the tether to 
polymer chains in AEMs: QAs attached through benzylic groups and QAs attached with an alkyl 
spacer chain. Benzyltrimethylammonium (BTMA) is a simple cationic group used in AEMs due 
to its relatively ease of preparation.
151-156
 Because there is no β-proton in the BTMA structure, 
Hoffman elimination cannot occur in the presence of hydroxide ions and BTMA would be 
assumed to have good alkaline stability. However, the relatively short half-life of BTMA in 




















rapidly degrade through other mechanisms.
157,158
 BTMA can be degraded in alkaline solution by 
a rapid substitution reaction to form an alcohol (Scheme 5.1).
158
 Under some conditions, BTMA 
can be degraded by Sommelet-Hauser rearrangements (Scheme 5.3).
144
 The degradation of 
BTMA is due in part to the acidity of the benzylic protons. A method to improve the alkaline 
stability of benzylic ammonium is to introduce electron-donating substituents into the aromatic 
ring to inhibit the electron-withdrawing property of the benzyl group. For example, 3-methoxy-
benzyl trimethyl ammonium (MBTMA) cation was found to have much higher alkaline stability 
than BTMA, although it still can degrade in strong base.
157
  
Benzylic ammoniums have been demonstrated to have high reactivity in alkaline 
conditions,
158
 and methods of eliminating benzylic attachment have been studied.  As one 
method to increase the alkaline stability of QA cations, alkyl spacer chains have been used to 
attach the cationic group to the polymer backbone. A long spacer alkyl chain can extend the 
ammonium away from the hydrophobic chain, making any effect of the electropositive charge of 
the ammonium group on the polymer chain negligible.
159
 The effect of the flexible spacer chain 
could also decrease any steric strain and its effect on decomposition reactions. The alkaline 
stability of spacer cations could be expected to increase with chain length. However, it was 
found in one study that cations showed high alkaline stabilities at the carbon number of spacer 
chains ranging between 3 and 7, but it decreased rapidly when the carbon number is over 7.
157
 
Through measuring the half-life of spacer chain QAs with different carbon numbers in a strong 
base, Marino exhibited the alkaline stabilities behavior of spacer chain QAs, and the results are 
shown in Table 5.1.
157
  
It can be rationalized that when the carbon number is equal to 2, the cation could be 




chain length can decrease steric strain and inductive factors to inhibit decomposition reactions. 
However, the chemical stability of spacer cations could dramatically decrease when the carbon 
number is over 7. Some theories were investigated to explain this degradation behavior. One 
hypothesis is that the elimination products of long spacer chain cations are more hydrophobic 
than that of short spacer chain cations in an aqueous phase, and then these neutral products could 
be removed from the reaction equilibrium quickly, resulting in the inhibition of a potential back 
reaction in the presence of hydroxide ions.
160,161
 Another hypothesis is that along with increasing 
the chain length of spacer cation, the tendency of the formation of micelles is increased, and 
these micelles could decrease the degree of dissociation and then potentially increase the 





Table 5.1 Half-life of alkyltrimethylammonium cations with varying side- chain length and a 





With a view to pursuing high alkaline stability of cations, research has been performed on 
















TMA ETM PTM NTM HTM OTM DTM HexDTM




[a] ETM: ethyltrimethylammonium; PTM: propyltrimethylammonium; NTM: neopentyltrimethylammonium; 
     HTM: hexyltrimethylammonium; OTM: octyltrimethylammonium;  DTM: decyltrimethylammonium; 




Guanidinium was presumed to have good alkaline stability due to its delocalized positive charge, 
which was speculated to decrease the charge density on each nitrogen atom and result in 
reducing the reactivity of the cation in the presence of hydroxide ions. However, the guanidinium 
cation has been demonstrated to be unstable under even mild basic conditions.
157
 Phosphonium 
and sulfonium as alternative cationic species showed less alkaline stability than ammoniums with 
similar substituents, and their synthetic processes are more complex than those for ammonium 
cations.
130,157,164,165
 Recently, some bulky group substituted phosphonium cations shown high 
alkaline stabilities that could be comparable with ammonium cations.
128,129
 However, the 
difficult synthetic routes has limited the development of phosphonium based AEMs. 
 5.3.3 Chemical stability of cyclic cations 










structures of some cyclic cations are shown in Figure 5.3. 
 
 
Figure 5.3 General chemical structures of cyclic cations. 
 
Among these cations, pyridinium showed the lowest alkaline stability in the presence of 
hydroxide ions. It could rapidly react with hydroxide ions to form N-methyl-2-pyridone. This 





























Imidazoliums are a typical cation used in the synthesis of AEMs due to several advantages. 
Imidazoliums could be easily modified by different substituents. Also, they can readily be 
converted to the cationic form and easily attach to the polymer backbone. Furthermore, the 
delocalized charge in the imidazolium structure could be helpful for the improvement of 
chemical stability of a polymer membrane.
166
 Unsubstituted imidazolium has been demonstrated 
to have poor alkaline stability.
134,167
 The π-system of the ring structure in imidazolium increases 
the acidity of nearby protons, allowing hydroxides to deprotonate and form a carbene 
structure.
168
 Substituted imidazoliums have been developed to improve their chemical stability, 
however, degradation can occur through different reactions (Figure 5.5). The degradation 
mechanism is more complicated than for other ammonium cations.
169-171
 
Many researchers have studied the relationship between the substitution position and the 
chemical stability of imidazoliums.
166,168,172-174
 They found that that bulky substituents on the C2 
position could much improve the chemical stability of imidazoliums.
168,172,173
 Long and Pivovar 
simulated the degradation pathway of imidazolium with different substituents by using density 
functional theory calculations.
174
 Their predictions show that aside from C2 substitutions, 
chemical stability of imidazolium is also affected by C4 and C5 substitutions. The Coates group 
systemically studied the structure-stability relationships of imidazolium cations in base by 




 Their research supported the theory of Long and 
Pivovar and found that a methyl group on C4 and C5 position could much improve the alkaline 
N N
OH





stability of the imidazoliums, bulkier 2,6-dimethylphenyl substituents were the most effective on 
the C2 position.
166
 Imidazolium with the optimized substituents was found to be stable in 5 M 
KOH solution for 30 days.  
 
 




Baure et al. systematically studied the alkaline stability of quaternized DABCO, and found 
that the mono-quaternized DABCO was much more stable than the bis-quaternized DABCO 
cation.
144
 When quaternized DABCO contains a single ammonium cation in its structure, it could 
react with hydroxide by a slow substitution reaction to form neutral DABCO (Scheme 5.6 A).
144
 
In contrast, when quaternized DABCO contains two ammonium cations in the structure, the E1 
elimination reaction occurred rapidly to form piperazine (Scheme 5.6 B). This result is probably 


















































































the acidity of the α-proton. Although the mono-quaternized DABCO cations showed better 
alkaline stabilities than other cyclic cations,
144
 Marino and Kreuer found that this type of cation 










































Too short to measure
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[a] ASU: 6-azonia-spiro[5.5]undecane; DMP: N,N-dimethylpiperidinium; BMP: N-benzyl-N-methylpiperidinium MAABCO: 1
-methyl-4-aza-1-azonia-bicyclo[2.2.2]octane; BAABCO: 1-benzyl-4-aza-1-azonium-bicyclo[2.2.2]octane; DTG: 1,1-





Substituted piperidiniums are another cyclic ammonium and piperidinium-based compounds 
have been known for many years to have good resistance to β-elimination under alkaline 
conditions.
175
 Piperidiniums were proposed recently to be used as functional cations in AEM 
applications. Marino and Kreuer systemically studied the alkaline stability of piperidinium 
cations by measuring the half-life of these cations in an alkaline solution (Table 5.2).
157
  
Among these cations, N,N-dimethyl piperidinium (DMP) and 6-azonia-spiro[5.5]undecane 
(ASU) showed much higher alkaline stability under strongly basic conditions with half-lives 
much longer than that of BTMA and other common ammonium cations. They found that both 
DMP and ASU cations are hardly decomposed through either nucleophilic substitution or β-
elimination reactions. This result was purported to be because the conformation of the six-
membered ring structure of piperidinium cannot freely rotate to form a bipyramidal structure, 
which is preferred for an SN2 substitution reaction (Scheme 5.7).  
Furthermore, although β-protons are present in both DMP and ASU cations, β-elimination is 
hindered by the β-protons not being in the same plane of the ring and the geometric constraint of 
the ring prohibits the carbon bonds to form a favored angle and length for the β-elimination 
(Scheme 5.7). Further evaluation of substituted piperidiniums found that the alkaline stability 
was additionally dependent on substituents. The half-life of N-benzyl-N-methylpiperidinium 
(BMP) was much shorter than that of DMP due to its unstable benzyl group, which could be 






Scheme 5.7 Preferred transition state of DMP cation in substitution and β-elimination reaction.157  
 
 5.4 Conclusion 
The performance of AEMs, including hydroxide conductivity, water uptake, thermal 
stability, and alkaline stability are all directly affected by the properties of cationic groups. The 
alkaline stability of cationic groups is affected by many factors, including the nature of the 
cationic groups and its substituents, the connected positions of substituents, the conformation of 
substituents, and the charge density of the cation.  
While a number of different types of ammonium groups have demonstrated some stability 
under alkaline conditions, N, N-dimethylpiperidinium (DMP) has demonstrated significantly 




hinders the DMP cation from reaction with hydroxide ions through substitution and elimination 
reactions. In conclusion, the high alkaline stability of DMP was considered a good candidate 
cationic group for introduction in AEMs. The studies on AEMs in this dissertation are mainly 
focused on methods to incorporate DMP cations to polymer backbones in the pursuit of high-






















  CHAPTER 6
PIPERIDINIUM POLYSULFONES FROM FUNCTIONAL BISPHENOL FOR 
BASE STABLE ANION EXCHANGE MEMBRANES 
 
 6.1 Introduction 
Anion exchange membranes (AEMs) are essential as anion-conducting materials for 
application in electrolysis devices,
176-178







 The design of base stable AEMs with tethered cationic functional 
groups that can transport hydroxide ions under varying hydration levels and at elevated 
temperature without degradation is a particular challenge for the utilization of AEMs in alkaline 
fuel cells. Depending on the nature of the functional cations attached to a polymer backbone, 
chemical reaction with hydroxide ion can occur in different ways leading to a decrease in ionic 
conductivity and potentially the degradation of the membrane. Furthermore, the linkage to the 
polymer backbone and the polymer backbone itself must be able to endure the alkaline 
environment in order to maintain an effective membrane.  Designing a functional polymer 
membrane with good chemical stability remains one of the main obstacles for the development 
of high-performance hydroxide conducting AEMs.  







 and different types of quaternary 
ammonium groups.
155,156,192-195
 In general, the quaternary ammonium groups are the easiest to 
synthesize and to attach to polymer backbones and have therefore been the most actively 




poor alkaline stability in concentrated hydroxide solutions at elevated temperatures.
133,151,152,196-
201
 Benzyltrialkylammonium cations have been the most widely studied ammonium cations, in 
part because they can be easily introduced to different polymer backbones by substitution of 
pendent benzyl halides with tertiary amines. The degradation of benzyltrimethylammonium 
(BTMA) hydroxide has been studied,
158
 determining good alkaline stability under relatively mild 
conditions, while degradation occurs rapidly with an increase in temperature. The alkaline 
stability of BTMA functionalized polymer membranes have been studied with varying results, 
although most studies show that depending on the polymer backbone the group is stable at 
temperatures below 60 °C.
167,202
 Attempts to improve stability by attaching longer chain alkyl 
groups, sterically hindering reactive sites, and by removing the benzyl attachment have had some 
success in improving alkaline stability,
203-205
 although the synthesis of the modified cations 
and/or the attachment of the cationic group to a polymer backbone have been rendered difficult 
in some cases. 
Recently, Marino and Kreuer systematically studied the stability of different quaternary 
ammonium small molecules under aggressive, strongly alkaline and high-temperature 
conditions.
157
 In their research, piperidinium cations were found to have much higher alkaline 
stabilities than other types of cations, with the half-life of N,N-dimethylpiperidinium (DMP) 
being more than twenty times greater than that of BTMA. Based on these results, the design and 
synthesis of polymers functionalized with piperidinium cations is a potentially constructive 
approach to significantly improving the alkaline stability of AEMs.  
Introducing piperidinium cations to a polymer backbone as an approach to obtaining an 
alkaline stable polymer membrane is a challenge from the aspect of functional polymer design. 




allows for the preparation of piperidinium-functionalized polymers; however, the resulting 
benzylalkylpiperidinium cation is not expected to have greatly enhanced base stability.
157
 A few 
attempts to prepare piperidinium-functionalized polymers have been performed with varying 
resulting stabilities. The Jannasch group studied the properties of different types of piperidinium-
functionalized polymer membranes.
137,206
 It was found that a benzylic derived bis-N-spirocyclic 
piperidinium functionalized polymer readily degraded during the course of seven days in 1 M 
NaOH at 60 °C.
206
 In contrast, a piperidinium functionalized polymer with the piperidinium 
attached to the polymer backbone through a long alkyl chain showed almost no degradation after 
eight days in 1 M NaOH at 90°C.
137
   From these initial results on piperidinium functionalized 
polymers, avoiding N-benzylic attachment of the piperidinium groups appears to be essential for 
achieving the greatest stabilities, but the synthesis procedures studied so far introduce significant 
complexity to the preparation.   
This paper describes piperidinium-functionalized polysulfones that were prepared through a 
relatively simple synthetic route. A N-methylpiperidine functionalized bisphenol monomer was 
synthesized and introduced into polysulfones by nucleophilic aromatic substitution 
polymerization. Alkylation of the N-methylpiperidine functional groups was subsequently done 
to prepare the cationic functional polymers.  The polymers were designed to avoid benzylic 
attachment of the cationic groups with the intention of improving the alkaline stability. This 
paper describes the monomer and polymer synthesis and the characterization of the polymers to 






 6.2 Experiment section 
 6.2.1 Materials  
N-methyl-4-piperidone (NMP) (97%, Sigma-Aldrich), phenol (>99%, Sigma-Aldrich), 
methanesulfonic acid (>99%, Sigma-Aldrich), and iodomethane (≥99%, Sigma-Aldrich) were 
used as received. Bis(4-fluorophenyl) sulfone (99%, Sigma-Aldrich) was recrystallized from 
toluene. Bisphenol A (97%, Sigma-Aldrich) was recrystallized from toluene under a nitrogen 
purge. N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich), and dimethylacetamide (DMAc) were 
distilled under nitrogen from phosphorus pentoxide before use. Other solvents and reagents were 
used as received from commercial sources. 
 6.2.2 Synthesis of 4,4'-(1-methylpiperidine-4,4-diyl)diphenol  
N-methyl-4-piperidone (9.05 g, 80.0 mmol) and phenol (18.82 g, 200.0 mmol) were 
introduced into a 250 mL single-neck round-bottom flask. Methanesulfonic acid (80 mL, 1.2 mol) 
was added dropwise into the flask via a 100 mL dropping funnel. The solution was stirred at 
room temperature for 12 hours, after which the solution was slowly poured over ice. The product 
mixture was neutralized by addition of 10 wt.% sodium hydroxide solution and the pale-yellow 
crude product precipitated at a pH of approximately 8. The precipitate was collected by vacuum 
filtration and dried in a vacuum oven at 80 °C overnight to yield 18.8 g (82%) of pale-yellow 
powder, which was recrystallized from 25/75 ethanol/toluene over the course of two days. The 
resulting white crystalline product was collected by vacuum filtration and dried on a vacuum line 
at 100 °C for 24 hours to yield 6.8 g (36% after recrystallization). Melting point: 241.5 °C - 
243.7 °C. 
1
H NMR (500 MHz, DMSO-d6, δ): 9.14 (s, 2H; -OH), 7.01 (d, 4H; -Ar-H), 6.60 (d, 
4H; -Ar-H), 2.26 (b, 8H; -Pip-H), 2.02 (s, 3H; -N-CH3). 
13




155.25, 128.11, 115.40, 52.71, 46.56, 42.47, 36.19. MS for C18H21NO2 [M]
+ 
(m/z): calc 
283.1572, found 283.1577. 
 6.2.3 Synthesis of poly(N-methylpiperidine sulfone) (PMPS-1.9) 
4,4'-(1-methylpiperidine-4,4-diyl)diphenol (0.6065 g, 2.140 mmol), bis(4-fluorophenyl) 
sulfone (0.5442 g, 2.140 mmol) and vacuum oven-dried potassium carbonate (0.592 g, 4.28 
mmol) were introduced into a 50 mL 2-necked round bottom flask, followed by 4.6 mL NMP 
and 1.5 mL toluene. The flask was fitted with a toluene filled Dean-Stark trap, a condenser, 
argon inlet and a magnetic stir bar. The reaction was refluxed at an oil bath temperature of 
160 °C for 2 hours to remove water to the Dean-Stark trap, then further reacted at 160 °C for 
another 3 hours after draining excess toluene from the trap. The reaction was stopped after the 
viscosity increased dramatically and the solution was cooled to room temperature. The viscous 
solution was diluted with 30 mL of NMP and precipitated in 400 mL of methanol. The 
precipitated polymer was filtered and boiled in deionized water for 2 hours. After filtration, the 
polymer was dried in a vacuum oven at 80 °C overnight to yield 1.01 g (95.1%) of white powder. 
1
H NMR (500 MHz, CDCl3, δ): 7.83 (d, 4H; -Ar-H), 7.24 (d, 4H; -Ar-H), 6.99(d, 4H; -Ar-H), 
6.94 (d, 4H; -Ar-H), 2.51-2.56 (b, 8H; -Pip-H), 2.29 (s, 3H; -N-CH3). 
13
C NMR (125 MHz, 
CDCl3, δ): 161.79, 153.11, 135.63, 129.82, 128.92, 120.19, 117.97, 52.45, 45.90, 43.53, 36.14. 
 6.2.4 General Procedure to Synthesize Poly(N-Methylpiperidine sulfone) (PMPS-x) 
Random Copolymers with Bisphenol A 
Varying mole ratios of 4,4'-(1-methylpiperidine-4,4-diyl)diphenol and bisphenol A were 
introduced to afford random copolymers with a range of different ion exchange capacities (IEC). 




procedure is given for the preparation of a copolymer with IEC = 1.5 mmol/g (PMPS-1.5).  4,4'-
(1-Methylpiperidine-4,4-diyl)diphenol (0.6333 g, 2.235 mmol), (BPA)  (0.1580 g, 0.6919 mmol), 
bis(4-fluorophenyl) sulfone (0.7441 g, 2.927 mmol) and oven-dried potassium carbonate (0.809 
g, 5.85 mmol) were introduced into a 50 mL, 2 necked round bottom flask, followed by the 
addition of 6.2 mL NMP and 2.0 mL toluene. The flask was fitted with a Dean-Stark trap that 
was filled with toluene, a condenser, argon inlet and a magnetic stir bar. The reaction and 
workup were performed similarly to that described for the homopolymer.  After isolation of the 
polymer by filtration, the PMPS-1.5 was dried in a vacuum oven at 80 °C overnight to yield 1.33 
g (93.7%) of white powder. 
1
H NMR (500 MHz, CDCl3, δ): 7.83 (d, 8H; -Ar-H), 7.22-7.25 (t, 8H, -Ar-H), 6.99 (d, 8H; -
Ar-H), 6.91-6.95 (t, 8H; -Ar-H), 2.52-2.56 (b, 8H; -Pip-H), 2.31 (s, 3H; -N-CH3), 1.68 (s, 6H; -
CH3). 
13
C NMR (125 MHz, CDCl3, δ): 161.80, 153.06, 135.62, 129.82, 128.94, 128.55, 120.17, 
119.92, 117.96, 117.76, 52.49, 46.02, 43.62, 36.32, 31.05. 
 6.2.5 Quaternization to form poly(N,N-dimethylpiperidinium sulfone)s (PDMPS-x)  
The homopolymer (PMPS-1.9) and random copolymers with bisphenol A (PMPS-x) were 
reacted with iodomethane to obtain varying IEC of polymers with the specific procedure given 
for the preparation of a PDMPS-x copolymer with IEC = 1.5 mmol/g. PMPS-1.5 (0.36 g, 0.74 
mmol) was dissolved in 7 mL DMAc in a 15 mL single neck round bottom flask. Iodomethane 
(0.5 mL 8.03 mmol) was added, the reaction flask was sealed with a glass stopper, and the 
solution was stirred at room temperature for 48 hours. The yellow solution was directly drop-cast 





 6.2.6 Ion exchange of PDMPS-x membranes 
The iodide form of quaternary ammonium functionalized PDMPS-x membranes were 
immersed in 1 M NaCl or 1 M KOH solutions for 48 hours to exchange the anions of the 
membranes from iodide to chloride or hydroxide. The ion exchanged membranes were immersed 
in nitrogen purged deionized water for a total of 12 hours, changing the water every 3 hours. 
 6.2.7 Characterization and measurements 
The molecular weights of all PMPS samples were measured by gel permeation 
chromatography (GPC).  The system comprised a Knauer Azura P 4.1S pump with a Wyatt 
Technology MiniDawn detector and an Optilab DSP interferometric refractometer detector. The 
measurements were performed using a PLgel 5 µm mixed C column with 5% of triethylamine in 
chloroform solution as eluent at a flow rate of 1 mL/min. The concentrations of all samples were 




C NMR spectra of polymers were measured using a JEOL ECA-500 MHz FT-
NMR spectrometer. The neutral and cationic polymer membranes were measured at room 
temperature in chloroform-d and dimethyl sulfoxide-d6, respectively, and chemical shifts (δ) are 
reported in ppm. All data was analyzed by MestReNova software. 
The water uptake at different temperatures of the hydroxide form of the polymer membranes 
was calculated based on the following equation: 
WU = Water Uptake (wt.%) =
!!"#!!!"#
!!"#
 × 100%                          (6.1) 
In order to obtain the water uptake of the membrane, the polymer membrane was first dried 
in a vacuum oven at 80 °C overnight to obtain the dry membrane weight (W dry). The membrane 




hours until the membrane weight was constant. The surface of the membrane was blotted dry 
with tissue paper to remove bulk surface water. The fully hydrated membrane was measured to 
obtain the wet membrane weight (W wet). The average value of water uptake was determined by 
repeating the measurement process three times.  
The ion exchange capacity values (IEC) of each membrane were determined by
 1
H NMR 
spectroscopy from the relative integration ratios of proton peaks assigned to bisphenol A and 
4,4'-(1-methylpiperidine-4,4-diyl)diphenol and are reported in their hydroxide form. IEC values 
were also determined by titration. The hydroxide form of the membrane was immersed in 9.00 
mL of standardized HCl solution (0.01 M) for 24 hours to fully neutralize the hydroxide groups. 
Then the residual HCl was titrated with standardized 0.01M NaOH solution.  After the ion 
exchange process, the chloride form of the sample was dried in a vacuum oven at 80 °C for 24 
hours to obtain the dry membrane weight. The IEC value of each membrane was calculated from 




                                                (6.2) 
Where VHCl and CHCl indicate the volume and concentration of the standardized HCl solution; 
VNaOH and CNaOH indicate the volume and concentration of standardized NaOH solution; Wdry 
represents the weight of the dry membrane. 
The hydration number (λ) was calculated from the value of water uptake and ion exchange 
capacity. It is based on the following equation:  
                                                    (6.3) 
Where WU, MH2O, and IEC indicate the percentage of water uptake of the membrane, the 







The in-plane ion conductivity of the hydroxide form of the quaternized polymer membranes 
was measured at different temperatures by electrochemical impedance spectroscopy (EIS). The 
thickness and width of the membranes were measured with a digital micrometer to obtain the 
average of five measurements. The membrane was fixed on a 4-probe Teflon cell with platinum 
electrodes and immersed in deionized ultrapure water (18 MΩ) under a nitrogen atmosphere. A 
BioLogic VMP3 was connected to the platinum electrodes to measure the ohmic resistance of 
membrane samples from room temperature to 80 °C. EC Laboratories software was used to 
collect the data. From the measurement of ohmic resistance, thickness, and width of each 
membrane, the ion conductivity was obtained from the following equation: 
σ =  
!
!sWs!
                                                                (6.4) 
Where d (mm) is the fixed membrane length between two reference electrodes, Ls (mm) and 
Ws (mm) indicate the thickness and width of the membrane, R (Ω) and σ (S/cm) indicate the 
ohmic resistance and ion conductivity of the membrane. 
 The alkaline stability of the membrane was measured by electrochemical impedance 
spectroscopy (EIS). The quaternized membrane was immersed in 1M KOH solution at 80 °C and 
the change in conductivity was studied by measuring the conductivity of the membrane over 28 
days. Prior to measurement, the membranes were washed with degassed ultrapure water (18 MΩ) 
until the pH was neutral, then the membrane was measured in degassed ultrapure water (18 MΩ) 
at 60 °C for at least 10 cycles to obtain the average ohmic resistance of the membrane from 
which the conductivity of the membrane was determined. 
Thermal stability of membranes in the chloride form was measured by thermogravimetric 
analysis (TGA) using a Seiko SSC 5200 Thermal Analyzer with RT Instruments upgrade. The 




of 10 °C/min. The polymer membranes were held at 120 °C for 20 minutes, then the degradation 
of the membranes was measured between 50 °C and 800 °C.  
Tensile properties of the membranes in the iodide form were measured by using an 
ESM1500 High Capacity Motorized Test Stand connected with a 50-pound load cell at a 
crosshead speed of 2 mm/min. All membranes were cut into strips with dimensions accurately 
determined in a range of 4 - 4.5 mm width, 50 - 60 mm length, and 40 - 80 µm thickness. The 
membranes were dried in a vacuum oven at 80 °C overnight before the measurement. Young’s 
modulus (E), stress at break (σ), and elongation at break (ε) were calculated from the following 
equation:  






                                                           (6.5) 
Where F is the tensile force, A0 is the cross-sectional area of the membrane, ΔL is the 
change in length of the membrane, and L0 indicates the initial length of the membrane.  
 6.3 Results and discussion 
 6.3.1 Synthesis of piperidininum-functionalized polysulfones PDMPS-x 
The objective of the research was to develop a polymer structure that could form robust 
AEMs with high alkaline stabilities.  Given the demonstrated stability of piperidinium-based 
cations,
157
 the research effort was directed toward developing a convenient preparation of a 
piperidininum-functionalized polymer structure (Figure 6.1).  The structure was targeted by 
copolymerization of a functional monomer with bis(4-fluorophenyl) sulfone and varying 






Figure 6.1 General structure for piperidinium-functionalized polysulfone copolymers PDMPS-x. 
The calculated IEC of the polymer is given by x. 
 
The polymer structure required the design and synthesis of a piperidine-functional bisphenol 
monomer, 4,4'-(1-methylpiperidine-4,4-diyl)diphenol.  The piperidine monomer was designed 
with a number of features in mind.  The structure is similar to bisphenol A to participate in the 
polymerization with bis(4-fluorophenyl) sulfone through a typical polycondensation reaction. 
The piperidine monomer contains no N-benzylic group attachment of the piperidine ring. Also, 
the position of the nitrogen atom in the monomer results in a polymer structure where the 
functional group is well-removed from the ether groups of the polysulfone backbone. It has been 
demonstrated that benzylammonium groups can promote degradation of the ether backbones in 
polysulfones through presumed electronic effects that allow for hydroxide cleavage of the ether 
linkage.
207
  The functional monomer was designed to preclude any electronic effect on the 
aromatic ring and its effect on the ether bond. The structure allows for the potential of the new 
polymers to have good alkaline stabilities. 
The functional monomer, 4,4'-(1-methylpiperidine-4,4-diyl)diphenol, was synthesized by 
reacting N-methyl-4-piperidone with phenol in the presence of methanesulfonic acid at room 
temperature for 12 hours (Scheme 6.1).  The pure monomer was obtained through neutralization 
of the reaction mixture with sodium hydroxide and recrystallization of the precipitated product 

















Scheme 6.1 Synthesis of 4,4'-(1-methylpiperidine-4,4-diyl)diphenol   
 
Using the functional monomer, a series of randomly functionalized copolymers were 
synthesized in two steps (Scheme 6.2).  In the first step, the neutral polymer, poly(N-
methylpiperidine sulfone) (PMPS) was synthesized from 4,4'-(1-methylpiperidine-4,4-
diyl)diphenol with bis(4-fluorophenyl) sulfone using typical nucleophilic aromatic substitution 
polymerization conditions.  Varying amounts of bisphenol A were added in order to prepare a 
series of copolymers with different extents of piperidine functionalization.  In a second step, the 
piperidine functional groups were converted to the quaternized N,N-dimethylpiperidinium by 
reaction with an excess of methyl iodide.  The resulting poly(N,N-dimethylpiperidinium 
sulfone)s (PDMPS) had different targeted IECs depending on the amount of bisphenol A 
comonomer in the polymerization. Samples were identified by the targeted IEC of the final 
quaternized polymer and the same identification was used for the neutral PMPS and the 
quaternized PDMPS (1.9 for the homopolymer, 1.7, 1.5, and 1.3 for the copolymers with 
increasing proportion of bishpenol A).  
The PMPS and quaternized PDMPS samples showed different solubility behavior.  The 
PMPS samples were readily soluble in THF, chloroform, NMP, and DMAc, but insoluble in 
DMSO.  After reaction with methyl iodide to form the quaternized PDMPS, the polymers were 
no longer soluble in THF or chloroform, retained solubility in NMP and DMAc, and also became 












in water or methanol.   
 
 
Scheme 6.2 Synthesis of poly(N, N-dimethylpiperidinium sulfone) (PDMPS-x)  
 
The readily soluble PMPS samples were characterized by GPC in order to determine 
molecular weights (Table 6.1).  GPC was performed in chloroform with triethylamine added to 
avoid interaction of the methylpiperidine groups with the column.  Under these conditions, the 
molecular weights were determined relative to polystyrene standards.  High molecular weight 
polymers were determined in each case, in agreement with the high solution viscosities observed 
from the polymerizations. 
 






PMPS-1.9 101 2.19 
PMPS-1.7 114 2.13 
PMPS-1.5 127 2.16 
PMPS-1.3 129 2.15 








































H NMR spectroscopy was used to characterize the structure of the polymers and 
comparison of the spectra for the PMPS and PDMPS indicated the extent of quaternization of the 
polymers.  Direct comparison of the PMPS and PDMPS samples is hindered by the solubility 
differences between the neutral and quaternized polymers; however, the important details can be 
elucidated.  Figure 6.2 presents the comparison of the homopolymers PMPS-1.9 (measured in d-





H NMR spectra for PMPS-1.9 and PDMPS-1.9 in CDCl3 and DMSO at room 
temperature. 
 
While some changes in chemical shift are expected from the solvent differences, the changes 
in the piperidine N-methyl group(s) (peak ‘g’) between the two spectra show the expected 











































a single methyl group to two methyl groups.  Furthermore, the integration ratio between aromatic 
peaks and the two N-methyl groups of the dimethylpiperidinium group in the PDMPS-1.9 show 
complete quaternization after reaction with methyliodide. 
 Figure 6.3 depicts the same changes for the random copolymer upon going from the neutral 
to the quaternized polymer (PMPS-1.5 and PDMPS-1.5), but with additional peaks 
representative of the bisphenol A component.  The ratio of peaks ‘g’ and ‘h’, corresponding to 
the methyl groups of the piperidine units and bisphenol A units, respectively allows for the 
determination of the relative amount of bisphenol A incorporated in the copolymer.  The IEC for 
each of the PDMPS samples was determined from the NMR spectra and showed good agreement 
with the amount of bisphenol A added as well as quantitative quaternization (Table 6.2). In order 
to verify the NMR spectroscopy determined IEC, the IEC of all PDMPS samples was also 
determined by titration and showed excellent agreement.  
The PDMPS-x samples were cast in their iodide forms from DMAc solutions to form 
polymer membrane films. Polymer films were readily ion exchanged into their chloride or 
hydroxide anion forms to study the properties of the membranes. Ion exchange was effected by 
soaking the films in either 1 M NaCl or 1M KOH solution over two days. After successive 
washings with nitrogen purged deionized water, and vacuum drying in the case of iodide and 








H NMR spectra for PMPS-1.5 and PDMPS-1.5 in CDCl3 and DMSO at room 
temperature. 
 
 6.3.2 Mechanical properties of PDMPS-x membranes 
The mechanical properties of PDMPS-x membranes in the iodide form were determiend, 
and the results are shown in Table 6.2. All PDMPS-x membranes exhibit sufficiently good 
mechanical properties with stress at break ranging from 35.0 to 61.6 MPa. Elongations at break 
increased from 2.2% to 7.1% with an increase in IEC, while the stiffness of the polymers 
decreased, as measured by the Young’s modulus, from 1.56 GPa to 0.82 GPa. An increase in the 
amount of functional piperidinium repeat units on the polymer backbone promote a greater 
flexibility of the membrane, possibly due to a greater amount of water in the more hydrophilic 
































































Table 6.2 Mechanical properties of (I
-














PDMPS-1.9 16.4 61.6 ± 2.9 7.09 ± 0.94 0.82 ± 0.01 
PDMPS-1.7 18.1 41.3 ± 4.0 4.27 ± 0.61 0.96 ± 0.01 
PDMPS-1.5 19.4 50.9 ± 4.5 3.74 ± 0.56 1.35 ± 0.01 
PDMPS-1.3 17.7 35.0 ± 3.4 2.22 ± 0.35 1.56 ± 0.01 
 
 6.3.3 Water uptake of PDMPS-x membranes 
The water uptake (WU) of the quaternized polymers was evaluated (Table 6.3) in the 
hydroxide form. As expected, the water uptake showed a correlation with the IEC of the 
PDMPS-x samples with the highest water uptake for the highest IEC polymer. The water uptake 
of the membranes measured at 25 °C ranged between 16 wt.% and 35 wt.% going from PDMPS-
1.3 to PDMPS-1.9. The number of water molecules per ammonium group (λ) was calculated and 
showed little change with a value of around 7 water molecules per ammonium group for the 
copolymers, but a significant change to approximately 11 waters per ammonium group for the 
homopolymer PDMPS-1.9.   
 






















 25 °C 80 °C 
PDMPS-1.9 1.89 1.88 35.3 ± 1.0 10.9 29.7 ± 0.1 81.8 ± 0.9 
PDMPS-1.7 1.69 1.66 22.3 ± 0.8 7.5 20.3 ± 0.1 64.5 ± 0.6 
PDMPS-1.5 1.50 1.48 18.4 ± 1.0 6.9 15.7 ± 0.2 52.2 ± 0.6 
PDMPS-1.3 1.27 1.25 16.1 ± 0.8 7.1 11.2 ± 0.1 33.4 ± 0.2 
a Experimental IEC calculated from 1H NMR spectra of PDMPS-x samples assuming complete conversion from 
piperidine form to piperidinium form. b Experimental IEC measured from back titration. c Number of water 







The water uptake of the PDMPS-x membranes was also evaluated at elevated temperatures 
(Figure 6.4). Compared to the random copolymer membranes with lower IECs, the 
homopolymer membrane PDMPS-1.9 exhibited a much greater increase in water uptake with 
increases in temperature.  
 
 




form of PDMPS-x at different temperatures. 
 
The changes in water uptake behavior between the different samples can be clearly seen 
between 60 and 80 °C.  PDMPS-1.3 and PDMPS-1.5 showed minimal changes in water uptake, 
while PDMPS-1.7 shows a modest increase from 55 to 70 wt.%.  In comparison, PDMPS-1.9 
increases from 80 wt% to more than 140 wt. %. The different water uptake behavior of the 
samples depending on IEC demonstrates the effect of the cationic group on the hydrophilicity of 
the membranes. The hydrophobic bisphenol A polysulfone units in the random copolymer 

































swells significantly.  Regardless, compared to many other polysulfone-based AEMs, the PDMPS 
membranes show a relatively lower water uptake for similar IEC values.
136,208,209
 
 6.3.4 Conductivity and activation energy of PDMPS-x membranes 
The hydroxide conductivities of the PDMPS-x membranes were determined in ultrapure 
water (18 MΩ) from room temperature to 80 °C, and the results are provided in Figure 6.5.  
 
 
Figure 6.5 Ion conductivity of (OH
-
) form of PDMPS-x homo and random copolymer 
membranes measured in water at different temperature conditions. 
 
The conductivities of each membrane steadily increased with a temperature increase from 
25 °C to 80 °C. The higher conductivities are in part attributed to the increased water uptake of 
each membrane at higher temperatures. Increasing the polymer IEC results in an increased slope 
of the anionic conductivity with temperature for the PDMPS-x membranes. The high 
concentration of cationic groups in the homopolymer membrane result in improved anionic 
transport efficiency to provide relatively high anionic conductivity.
142



































the highest IECs show particularly high conductivities with the PDMPS-1.9 membrane 
demonstrating hydroxide conductivity of 82 mS/cm and the PDMPS-1.7 membrane showing a 
hydroxide conductivity of 64 mS at 80 °C in water.  The conductivity values are comparable to 
some other polysulfone-based AEMs.
123,124,195,206,210
  
The activation energy of PDMPS-x membranes were also determined from the conductivity 
data. As depicted in Figure 6.6, the Arrhenius plots of PDMPS-x membranes exhibit a linear 
behavior from 25 to 80 °C. This behavior points to a vehicular mechanism in their anion 
transport properties.
211
 The activation energies of the PDMPS-x membranes varied between 16.4 
and 19.4 kJ/mol. These values are comparable to other ring-structure cationic group 








































 6.3.5 Thermal stability of PDMPS-x membranes 
The thermal degradation behaviors of the chloride forms of the quaternized polysulfone 
membranes were studied by thermogravimetric analysis (TGA). As shown in Figure 6.7, two 
distinct stages of degradation occur for the PDMPS-x membranes. The first degradation stage 
occurs between 230 °C and 320 °C, and can be attributed to the decomposition of the 
dimethylpiperidine cationic groups in the polymer structures. Analysis of the weight loss during 
this stage of the degradation indicates the loss of methylchloride from the backbone and the 
higher IEC PDMPS-1.9 shows a greater mass loss than the PDMPS-1.5 in relation to the amount 
of functionalization. A proposed mechanism would be chloride attack on one of the N-methyl 
groups of the dimethylpiperidinium to form the neutral polymer PMPS-x. The second stage of 
degradation occurs at temperatures over 400 °C corresponding to the decomposition of the 
polymer backbones. Although not shown in Figure 6.7, the degradation of neutral PMPS shows 
only a single step degradation with stability out to more than 400 °C.  
 
 






The thermal degradation temperatures (Td,95) of PDMPS-1.9 and PDMPS-1.5 can be taken 
from the plots to be 248 °C and 264 °C, respectively. The membranes exhibited good thermal 
stability in their chloride forms and the relatively high decomposition temperatures is a measure 
of their chemical stability. The Td,95 values are significantly higher than those reported for other 




 6.3.6 Chemical stability of PDMPS-x membranes 
The chemical stability of the PDMPS-x membrane was evaluated. The good combination of 
properties of the PDMPS-1.7 membrane, including its relatively low water uptake and 
reasonably high hydroxide conductivity at high temperature compared to other PDMPS-x 
membranes, provided for it to be a good candidate for alkaline stability measurements. The 
PDMPS-1.7 membrane was immersed in 1M KOH solution at 80 °C for 28 days. Degradation 
was evaluated by periodically measuring the conductivity of the membrane after exposure 
(conductivity measured at 60 °C) and the conductivity was determines as a percent change from 
the original value (Figure 6.8). During the course of the experiment, the change in conductivity 
of the membrane showed only slight variations, between 97 and 100% of the original 
conductivity value prior to immersion in base. Except for small variations in the measurements, 
the conductivity of membrane PDMPS-1.7 was stable during the course of the experiment. The 
stable conductivity of the PDMPS-1.7 membrane supports the results on the stability of the N,N-
dimethylpiperidinium cation.
157
 While the conductivity remained unchanged during the high 
temperature base exposure, it was found that the membrane became brittle by the end of the 




membrane could be a result of the decomposition of the polysulfone backbone, but could also be 
due to changes in the morphology as a result of changes in the packing of the chains (physical 
aging).  While the membrane ultimately loses performance after extended time in base at 80 °C, 
the novel PDMPS polymer structure shows much improved alkaline stability compared with 





Figure 6.8 Conductivity with time for PDMPS-1.7 immersion in 1M KOH solution at 60 °C. 
 
 6.4 Conclusion 
In conclusion, this work developed a series of N N-dimethylpiperidinium functionalized 
polysulfone membranes (PDMPS-x) through the preparation of a novel piperidine-functionalized 
monomer, its polymerization by nucleophilic aromatic substitution, and quaternization of the 
resulting polymers. The structures and the IEC of the PDMPS-x membranes were confirmed by 
1
H NMR spectroscopy and titration. Both neutral and quaternized polymers were readily solvent 




exhibited reasonably low water uptake and demonstrated good thermal stabilities at elevated 
temperatures. They also showed good hydroxide conductivities. The novel piperidinium 
functionalized polysulfone structure demonstrated improved alkaline stability for use as AEMs. 
The high performance of the PDMPS-x membranes, with their excellent alkaline stabilities, 
indicate that the piperidinium functionalized polymer membranes could have use in applications 
requiring alkaline stability at high temperatures, deserving further study. 
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  CHAPTER 7
TRIMETHYLCYCLOHEXYLAMMONIUM FUNCTIONALIZED 
POLYSULFONES AS HIGH-PERFORMANCE ANION EXCHANGE 
MEMBRANES 
 
 7.1 Introduction 
Anion exchange membranes (AEM) are being designed for use in many different 
electrochemical applications,
217-224
 and particularly for alkaline fuel cells 
(AFC).
118,119,133,156,186,225-228
 The AEM serves as a solid electrolyte in the AFC, transporting 
anions between cathode and anode. The AEM is functionalized with cationic groups that can 
balance the charge of the transporting anion.  The properties of the AEM affect the performance 
of the AFC and a well-performing AEM is dependent on the properties resulting from the 
combination of polymer structure and the nature of the functional cationic groups. The polymer 
backbone that comprises the membrane must provide thermal, chemical, and mechanical stability 
to the membrane, while the cationic groups must also remain chemically and thermally stable 
while promoting high conductivity of anions.  The hydrophilic cationic groups in combination 
with the polymer backbone dictate the extent of water uptake in the AEMs, and while water 
uptake is important for ionic conductivity, too much water can potentially impair the properties 
of the membranes. Therefore, designing polymer structures in combination with appropriate 
functional cationic groups is necessary for designing well-performing AEMs.  

















 have been investigated in different polymer systems to assess 
their performance as AEMs.  
Benzyltrialkylammoniums attached directly to the polymer backbone and quaternary 
ammoniums attached through an alkyl chain are two types of ammonium functionalization that 
have been widely studied.
153,238-242
 The benzyltrialkylammoniums have been widely studied in 
part because of their relative ease of preparation. Benzyl halide groups can be introduced by 
chloromethylation of aromatic rings, or by radical halogenation of arylmethyl groups on polymer 
backbones. The benzyl halide groups can be readily substituted with a trialkylamine either in 
solution or in the solid state. Attaching ammonium groups to the polymer backbone with long 
alkyl chain spacers typically requires more complicated syntheses. However, the attachment of 
ammonium groups with alkyl spacer chains have in some cases shown to result in greater base 
stability than benzyltrialkylammoniums attached directly to the polymer backbones, and there 
are potential benefits to removing the functional groups from the constraints of the 
backbone.
125,143,187,243-246
 The relatively higher alkaline stability of spacer chain ammoniums has 
justified their study in AEMs over that of simple benzylic ammoniums. 
Hibbs studied the chemical stabilities of the benzyltrimethylammonium in comparison with 
hexamethylene spacer chain pendent tetraalkylammonium poly(phenylene) membranes. In his 
study, about 33% of the conductivity of the benzyltrimethylammonium membrane was lost after 
the membrane was soaked in 4M KOH at 90 °C for 14 days.
125
 In contrast, the pendent 
tetraalkylammonium membrane only lost 5% of conductivity.
125
 Dang and coworkers 
synthesized benzyltrimethylammonium and heptyltrimethylammonium poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO). They studied the chemical stability of these membranes through 
measuring their conductivities after exposure to 1M NaOH solution at 80 °C.
244




benzyltrimethylammonium functionalized membrane showed only 16% of hydroxide 
conductivity remained after 192 hours, while the conductivity of the heptyltrimethylammonium 
membrane showed constant conductivity values for 196 hours.
244
 These studies indicate that the 
alkaline stability of AEMs could be improved in alkaline conditions when the quaternary 
ammonium group is not benzylic and when the ammonium cation is extended away from the 
polymer backbone. 
Recently, the heterocyclic ammonium, N,N-dimethylpiperidinium, was found to possess 
relatively high chemical stability under an alkaline environment.
157
 Based on this research, Dang 
and Jannasch studied the alkaline stability of dialkylpiperidinium functionalized PPO membranes 
wherin the piperidinium was connected to the polymer backbone through an alkyl spacer. They 
found that no degradation occurred after the polymer membrane was immersed in 1 M NaOH 





 This result demonstrates the high alkaline stability of AEMs derived from the 
introduction of stable cycloaliphatic quaternary ammoniums in the polymer structures. 
In this research, the design of a cyclic ring pendent ammonium cation, N,N,N-
trimethylcyclohexylammonium was inspired by the configurations of both spacer chain and 
cycloaliphatic quaternary ammoniums. The nitrogen site in the new quaternary ammonium 
structure was designed to extend away from the backbone with no benzylic attachment. Also, the 
expected conformation of the cyclohexane ring with the bulky pendent trimethylammonium 
group was anticipated to hinder Hoffman elimination to result in the improvement of the alkaline 
stability of the membrane. A series of cyclohexyltrimethylammonium functionalized polysulfone 
copolymer membranes PSU-CyTMA-x were prepared. The design motivation, the synthetic 




are presented in this paper.  
 7.2 Experimental section  
 7.2.1 Materials  
1,4-Cyclohexanedione monoethylene acetal (97%, Sigma-Aldrich), sodium 
triacetoxyborohydride (97%, Sigma-Aldrich), phenol (>99%, Sigma-Aldrich), methanesulfonic 
acid (>99%, Sigma-Aldrich), and iodomethane (≥99%, Sigma-Aldrich) were used as received. 
Dimethylamine gas (anhydrous, ≥99%, Sigma-Aldrich ) was used directly from the gas cylinder. 
Bis(4-fluorophenyl) sulfone (99%, Sigma-Aldrich) was recrystallized from toluene. Bisphenol A 
(97%, Sigma-Aldrich) was recrystallized from toluene under a nitrogen purge. N-methyl-2-
pyrrolidone (NMP) (Sigma-Aldrich), and dimethylacetamide (DMAc) were distilled under 
nitrogen from phosphorus pentoxide before use. Other solvents and reagents were used as 
received from commercial sources. 
 7.2.2 Synthesis of N,N-Dimethyl-1,4-dioxaspiro[4.5]decan-8-amine 
 1,4-Cyclohexanedione monoethylene acetal (4.56 g, 29.2 mmol) and sodium 
triacetoxyborohydride (8.05 g, 38.0 mmol) were introduced into a 250 mL single-neck round-
bottom flask. The flask was sealed with a rubber septum before purging with nitrogen for 20 
minutes. Dichloromethane (120 mL) and glacial acetic acid (1.7 mL, 30 mmol) were added to the 
flask via syringe.  An excess of dimethylamine gas (1.89 g, 41.9 mmol) was then added to the 
reaction with the amount determined by mass difference. The reaction solution was stirred at 
room temperature for 12 hours. After the reaction, the solution was quenched by 150 mL, 2N 
sodium hydroxide. The solution was extracted with 150 mL dichloromethane and remained over 




dichloromethane was removed by rotary evaporation. The white solid product was dried in a 
vacuum oven at 80 °C for 24 hours to yield 5.5g (98%).  
1
H NMR (500 MHz, CDCl3, δ): 3.92 (s, 
4H; -CH2), 2.43 (s, 1H; -Cy-H), 2.36 (s, 6H; -CH3), 1.87, 1.85 (d, 4H; -Cy-H), 1.81, 1.79 (m, 4H; 
-Cy-H). 
 7.2.3 Synthesis of 4,4'-(4-(dimethylamino)cyclohexane-1,1-diyl)diphenol  
N,N-Dimethyl-1,4-dioxaspiro[4.5]decan-8-amine (5.41 g, 29.2 mmol) and phenol (6.87 g, 
73.0 mmol) were introduced into a 125 mL single-neck round-bottom flask. Methanesulfonic 
acid (30.0 mL, 438 mmol) with deionized water (0.6 mL) was slowly added to the flask via a 50 
mL dropping funnel. The solution then stirred at room temperature for 24 hours, after which the 
solution was slowly poured over ice. The mixture was neutralized by addition of 10 wt.% sodium 
hydroxide solution, and the pale yellow crude product precipitated at a solution pH of 
approximately 8. The precipitate was collected by filtration and dried in a vacuum oven at 80 °C 
overnight to yield 5.65 g (62%). The solid was recrystallized from 20/80 ethanol/toluene over 24 
hours. The white crystalline product was collected by filtration and dried on a vacuum line at 
100 °C for 24 hours to yield 3.6 g (64%). Melting point: 235.8 °C – 237.5 °C. 
1
H NMR (500 
MHz, DMSO-d6, δ): 9.11, 9.06 (d, 2H; -OH), 7.09, 7.07 (d, 2H; -Ar-H), 6.93, 6.92 (d, 2H; -Ar-
H), 6.66, 6.64 (d, 2H; -Ar-H), 6.55, 6.53 (d, 2H; -Ar-H), 2.56, 2.53 (d, 2H; -Cy-H), 2.05 (s, 7H; -
CH3, and –Cy-H), 1.72 (t, 2H; -Cy-H), 1.66, 1.64 (d, 2H; -Cy-H), 1.23, 1.20 (d, 2H; -Cy-H). MS 
for C20H24NO2 [M]
+ 





 7.2.4 Synthesis of polysulfone from 4,4'-(4-(dimethylamino) cyclohexane-1,1-
diyl)diphenol and bis(4-fluorophenyl) sulfone (PSU-CyDMA-1.8) 
4,4'-(4-(dimethylamino)cyclohexane-1,1-diyl)diphenol (0.8110 g, 2.604 mmol), bis(4-
fluorophenyl) sulfone (0.6221 g, 2.604 mmol) and oven-dried potassium carbonate (0.72 g, 5.2 
mmol) were introduced into a 50 mL, two-neck round bottom flask, followed by 5.9 mL NMP 
and 2.0 mL toluene. The flask was fitted with a toluene filled Dean-Stark trap, a condenser, 
argon inlet and a magnetic stir bar. The reaction was refluxed at an oil bath temperature of 
160 °C for 3 hours to remove water to the Dean-Stark trap, then further reacted at 160 °C for 
another 12 hours after draining excess toluene from the trap. The reaction was stopped after the 
viscosity increased dramatically and the solution was cooled to room temperature. The viscous 
solution was diluted with 30 mL of NMP and precipitated in 400 mL of methanol. The 
precipitated polymer was filtered and boiled in deionized water for 2 hours to remove remaining 
salts. After filtration, the beige-colored polymer powder was dried in a vacuum oven at 80 °C 
overnight to yield 1.24 g (90.7%). 
1
H NMR (500 MHz, CDCl3, δ): 7.86-7.80 (m, 4H, -Ar-H), 
7.36, 7.35 (d, 2H; -Ar-H), 7.18, 7.16 (d, 2H; -Ar-H), 7.00-6.94 (m, 6H; -Ar-H), 6.88, 6.87 (d, 2H; 
-Ar-H), 2.70, 2.68 (d, 2H; -Cy-H), 2.27 (s, 7H; -CH3 and –Cy-H), 2.00-1.93 (m, 4H; -Cy-H), 
1.45, 1.43 (d, 2H; -Cy-H). 
 7.2.5 Synthesis of polysulfone copolymer from 4,4'-(4-(dimethylamino) cyclohexane-1,1-
diyl)diphenol, bis(4-fluorophenyl) sulfone and bisphenol A (PSU-CyDMA-x)  
Varying mole ratios of 4,4'-(4-(dimethylamino) cyclohexane-1,1-diyl)diphenol and 
bisphenol A were introduced to afford varying ion exchange capacity (IEC) of random 




mmol/g. 4,4'-(4-(dimethylamino)cyclohexane-1,1-diyl)diphenol (0.8533 g, 2.740 mmol), 
bisphenol A (0.2990 g, 1.310 mmol), bis(4-fluorophenyl) sulfone (1.0296 g, 4.050 mmol) and 
oven-dried potassium carbonate (1.12 g, 8.1 mmol) were introduced into a 50 mL, two-neck 
round bottom flask, followed by 8.7mL DMAc and 2.9 mL toluene. The flask was fitted with a 
toluene filled Dean-Stark trap, a condenser, argon inlet and a magnetic stir bar. The reaction was 
refluxed at an oil bath temperature of 160 °C for 4 hours to remove water to the Dean-Stark trap, 
then further reacted at 160 °C for another 9 hours after draining excess toluene from the trap. The 
reaction was stopped and cooled to room temperature. The viscous solution was diluted with 20 
mL of DMAc and precipitated in 300 mL of methanol. The precipitated polymer was filtered and 
boiled in deionized water for 2 hours to remove the remaining salts and impurities. After 
collection of the polymer by filtration, the off-white polymer powder PSU-CyDMA-1.3 was 
dried in a vacuum oven at 80 °C overnight to yield 1.91 g (90.5%). 
1
H NMR (500 MHz, CDCl3, 
δ): 7.85-7.81 (m, 4H; -Ar-H), 7.36, 7.34 (d, 2H; -Ar-H), 7.23, 7.22 (d, 2H; -Ar-H), 7.17, 7.15 (d, 
2H; -Ar-H), 7.01-6.91 (m, 4H; -Ar-H), 6.88, 6.87 (d, 2H; -Ar-H), 2.72, 2.70 (d, 2H; -Cy-H), 2.44 
(s, 1H; -Cy-H), 2.32 (s, 6H; -N(CH3)2), 1.98 (t, 4H; -Cy-H), 1.68 (s, 6H; -CH3), 1.49,1.47 (d, 2H; 
-Cy-H). 
 7.2.6 Quaternization to form trimethylcyclohexylammonium polysulfones (PSU-
CyTMA-x) 
PSU-CyDMA-x polymers were quaternized by reaction with iodomethane to obtain varying 
ion exchange capacity (IEC) with the specific procedure given for the preparation of a PSU-
CyTMA-x copolymer with IEC = 1.3 mmol/g. PSU-CyDMA-1.3 (0.32 g, 0.64 mmol) was 




Methyl iodide (0.4 mL, 6.4 mmol) was added, the reaction flask was sealed with a glass stopper 
and the solution was stirred at room temperature for 48 hours. The yellow solution was drop-cast 
onto a clean glass substrate and held at 80 °C for 24 hours to obtain the quaternized polymer 
membrane. 
 7.2.7 Ion exchange of the different anion form of the PSU-CyTMA-x membranes 
The chloride and hydroxide forms of quaternary ammonium functionalized PSU-CyTMA 
membranes were separately prepared through a similar ion exchange process. The iodide form of 
the membranes were soaked in 1 M of NaCl or 1 M of KOH solutions for 48 hours. Then the 
membranes were immersed in nitrogen purged deionized water for 12 hours, changing the water 
every 3 hours. 
 7.2.8 Characterization and Measurements 
1
H NMR spectroscopy was performed on a JEOL ECA-500 MHz FT-NMR spectrometer. 
Measurements were made in CDCl3 or DMSO-d6 with residual protonated solvent used as 
reference. All measurements were done at room temperature and the data was analyzed by 
MestReNova software with chemical shifts (δ) reported in ppm.  
Gel permeation chromatography (GPC) was used to measure the molecular weights of all 
neutral polymers and polystyrene standards. The chromatography system was composed of a 
KNAUER AZURA P 4.1S pump connected with a Wyatt Technology Optilab DSP 
interferometric refractometer detector, and two PLgel 5 µm mixed D columns. Tetrahydrofuran 






The water uptake of the hydroxide form of quaternized polymer films were measured at 
different temperature conditions. The weights of dry films (W dry) were first obtained by drying 
the hydroxide form films overnight in the vacuum oven at 80 °C. Films were then soaked in 
degassed deionized water and sealed in a vial for at least another 24 hours until a constant film 
weight was obtained. The film was wiped with tissue paper to remove extra water on the surface 
of the film, and then the weight of fully hydrated films was measured to obtain W wet. The Wwet at 
different temperatures was obtained by repeating the above measurement steps with the vials 
placed in a temperature controlled oil bath. Based on the values of W dry and W wet, the water 
uptake of films were calculated by the following equation, and the average value of water uptake 
was determined by repeating the measurement process three times. 
Water Uptake (wt.%) =
!!"#!!!"#
!!"#
 × 100%                                  (7.1) 
The values of ion exchange capacity (IEC) for quaternized polymers were calculated from 
the integration ratio of proton peaks determined by
 1
H NMR spectroscopy. The IEC values were 




                                                 (7.2) 
The hydroxide form of quaternized film was first immersed in a 0.01M (CHCl) and 9.00 mL 
(VHCl) of standardized HCl solution for 24 hours to fully neutralize the hydroxide groups. Then 
the solution was titrated by standardized 0.01 M (CNaOH) of NaOH solution to obtain the 
consumed volume of the solution (VNaOH). After the titration process, the anion exchanged films 
were dried in vacuum oven at 80 °C for 24 hours to obtain dry membrane weight (Wdry). The 





The hydration number (λ) of hydroxide form of quaternized films were calculated from the 
following equation: 
                                                   (7.3) 
The WU represents the percentage of water uptake of the films. MH2O represent the 
molecular weight of water, 18 g/mol. IEC represents the ion exchange capacity of the film 
determined by titration. 
Electrochemical impedance spectroscopy (EIS) was used to measure in-plane anion 
conductivity of the hydroxide form of quaternized polymer films in water under elevated 
temperature conditions, and the data were calculated from the following equation: 
σ =  
!
!sWs!
                                                             (7.4) 
The average values of thickness and width (Ts and Ws) of the film were determined from five 
separate measurements using a digital micrometer. The film was inserted between 4 platinum 
electrodes in a Teflon cell. The ohmic resistance of film (R) in deionized ultrapure water (18 MΩ) 
under a nitrogen atmosphere was determined with a BioLogic VMP3. A digital hotplate was 
used to control the temperature from room temperature to 80 °C. EC Laboratories software was 
used to collect the data.  
The alkaline stability of membrane films was determined by immersing films in 1M KOH 
solution at 80 °C. Films were removed after four days and washed with degassed ultrapure water 
(18 MΩ) until neutral. The anion conductivity of the film was measured by EIS in ultrapure 
water (18 MΩ) at 60 °C.  Films were re-immersed in the 1M KOH solution and measurements 
repeated every four days until the film could no longer sustain the measurement.  The change in 







σ% =  
!0!!x
!0
×100%                                                    (7.5) 
where σ0 and σx represent the initial anion conductivity and anion conductivity after base 
exposure, respectively. 
Thermogravimetric analysis (TGA) was used to measure the thermal stability of the iodide 
form of quaternized polymer films. The polymer degradation process was monitored by a Seiko 
SSC 5200 Thermal Analyzer with an RT Instruments software upgrade under a nitrogen flow 
rate of 100 mL/min and a heating rate of 10 °C/min. Before measurement, the polymer 
membranes were held at 120 °C for 20 minutes to remove water,. The degradation process was 
measured between 50 °C and 800 °C.  
An ESM1500 High Capacity Motorized Test Stand with a 50-pound load cell was used to 
measure the tensile properties of polymer films. The dimensions of all films were roughly 
controlled around 4.5 mm width, 60 mm length, and 50 µm thickness. All films were dried at 
80 °C in a vacuum oven for 24 hours before measurement. Films were stretched at a rate of 2 
mm/min to determine the tensile force (F) and change in length (ΔL) of the film. All data were 
collected by MATLAB software. The cross-sectional area (A0) and initial length (L0) of the film 
were obtained from film dimensions. After measurement, Young’s modulus (E), stress at break 
(σ), and elongation at break (ε) were calculated from the following equation:  













 7.3 Results and discussion 
 7.3.1 Motivation 
The objective of this research was to develop an AEM functionalized with a N,N,N-
trimethylcyclohexylammonium group and to access its properties. The design of the N,N,N-
trimethylcyclohexylammonium cation was inspired by the demonstrated alkaline stabilities of 
tetraalkylammonium groups connected to polymer backbones through alkyl spacer chains as well 
as the stability of piperidinium-based cations as a result of their conformation.
125,157,243,244
  An 
effort was directed to developing an efficient method to prepare a bisphenol monomer that would 
be a precursor to the ammonium cation, polymerize the bisphenol into functionalized 
polysulfones, and quaternize with methyl iodide to produce a functionalized polymer. Figure 7.1 
depicts the general structure of trimethylcyclohexylammonium functionalized polysulfones 
(PSU-CyTMA-x). Here, PSU and CyTMA separately indicate the polysulfone backbone and the 
trimethylcyclohexylammonium cations in the polymer structure and x represents the targeted ion 
exchange capacity (IEC) of the membrane. A series of trimethylcyclohexylammonium 
functionalized polysulfones were derived through the variation of the amount of bisphenol A 
comonomer in the polysulfone structure.  
 
 















In this research, polysulfone was choose as the polymer backbone due to its excellent 
chemical, thermal, and mechanical stabilities. Polysulfones also are soluble in a variety of 
different solvents and it was anticipated that the amine-functionalized polysulfone would remain 
soluble during the synthesis and could be subsequently cast into films.   
The cyclohexyltrimethylammonium cation in the polysulfone membrane was expected to 
have high alkaline stability. The sterically bulky trimethylammonium group was expected to 
prefer an equatorial position of the cyclohexane ring in order to avoid 1,3-diaxial interactions.  
Such a conformation, in which the β-protons of the cyclohexane ring do not adopt an anti-
periplanar arrangement with the trimethylammonium group, was expected to hinder Hofmann 
elimination reactions with hydroxide ions. In addition, the position of the ammonium group is 
extended away from the polysulfone backbone via the cyclohexane ring.  The ammonium group 
is also well-removed from the backbone ether bonds, resulting in no inductive electron 
withdrawing effect on the reactivity of the ether units under alkaline conditions.  
 7.3.2 Synthesis of trimethylcyclohexylammonium functionalized polysulfones 
To prepare the new polymers, the monomer 4,4'-(4-(dimethylamino)cyclohexane-1,1-
diyl)diphenol as the functional repeat unit in the polymer structure was first synthesized in this 
research. As shown in Scheme 7.1, the targeted monomer could be prepared in two steps. An 
intermediate product N,N-dimethyl-1,4-dioxaspiro[4.5]decan-8-amine was first synthesized by 
using dimethylamine in a reductive amination reaction with the ketone group of 1,4-
cyclohexanedione monoethylene acetal. This intermediate was reacted with phenol in the 
presence of methanesulfonic acid at room temperature for 12 hours, and after neutralization, 








Scheme 7.1 Synthetic route for bisphenol monomer 4,4'-(4-(dimethylamino)cyclohexane-1,1-
diyl)diphenol 
 
A series of neutral polymers PSU-CyDMA-x were synthesized from monomers 4,4'-(4-
(dimethylamino)cyclohexane-1,1-diyl)diphenol, bis(4-fluorophenyl) sulfone, and bisphenol A 
(BPA), in the presence of potassium carbonate, toluene, and DMAc. In this study, all the PSU-
CyDMA-x polymers were polymerized in DMAc at 160 °C for around 13 hours, and the solution 
viscosity was found to rapidly increase at the end of the reaction time. After the polymerization, 
the dimethylcyclohexylamine functionalized polymers were reacted with an excess of methyl 
iodide at room temperature for 24 hours to obtain the quaternized polymers PSU-CyTMA-x 






























Scheme 7.2 General synthetic route of trimethylcyclohexylammonium based polysulfone PSU-
CyTMA-x 
 
A homopolymer and two random copolymers with targeted IECs of 1.8, 1.5, and 1.3 were 
prepared by varying the amount of bisphenol A comonomer. The molecular weights of the 
neutral random copolymers were measured by gel permeation chromatography (GPC). THF with 
5 vol.% of triethylamine was used as the eluent in the measurement to avoid interaction of the 
amine group with the GPC columns. However, triethylamine in the THF solvent decreased the 



































PSU-CyDMA: 4,4’-(4-(dimethylamino)cyclohexane-1,1-diyl)diphenol based polysulfone;
PSU-CyTMA: 4,4-bis(4-hydroxyphenyl)-N,N,N-trimethylcyclohexan-1-ammonium based polysulfone;





Figure 7.2. GPC chromatograms of unfunctionalized random copolymers PSU-CyDMA-1.5 and 
1.3. 
 
The homopolymer PSU-CyDMA-1.8 was found to not adequately dissolve in the eluent and 
could not be characterized by GPC to determine molecular weight. However, the random 
copolymers PSU-CyDMA -1.5 and 1.3 were sufficiently soluble in the THF/triethylamine eluent, 
and their molecular weights successfully measured relative to polystyrene standards. The number 
average molecular weights were determined to be 22,700 g/mole for PSU-CyDMA-1.5 and 
35,600 g/mole for PSU-CyDMA-1.3 with molecular weight distributions of 2.03 and 2.19, 
respectively. GPC traces for the two random copolymers are shown in Figure 7.2. Some low 
molecular weight oligomers are observed at high elution volumes for each polymer sample.  
The structure and composition of both the neutral and quaternized polymers (PSU-CyDMA-
x and PSU-CyTMA-x) were confirmed by 
1
H NMR spectroscopy. The 
1
H NMR spectra of 










HNMR spectra of random copolymers PSU-CyDMA-1.5 and PSU-CyTMA-1.5 in 
CDCl3 and DMSO at room temperature. 
 
In these spectra, the peaks h and p indicate the amine methyl protons on the functionalized 
repeat units and the isopropylidene methyl protons of the bisphenol A groups, respectively. After 
quaternization, peak h in the quaternized polymer was 1.5 times that of the neutral polymer. The 
experimental IEC values of the quaternized polymers were measured from the 
1
H NMR spectra, 
and were highly consistent with the theoretical values (Table 7.1). The results from NMR 
spectroscopy demonstrated that the polymers PSU-CyDMA-x could be synthesized and 
quantitatively quaternized to PSU-CyTMA-x. 
The solubility behavior of the quaternized polymers is significantly different from the 














































CHCl3, but were not soluble in DMSO. After quaternization to PSU-CyTMA-x, the polymers 
became soluble in DMSO but were completely insoluble in both THF and CHCl3 at all 
temperatures. Membrane films of PSU-CyTMA-x were obtained through solvent casting of the 
polymer DMSO solutions. 
 7.3.3 Ion exchange capacity and water uptake of PSU-CyTMA-x membranes 
The different IECs of the polymer samples were designed in this research to study the 
performance of the polymer membranes. The homopolymer PSU-CyTMA-1.8 was the highest 
IEC with 1.79 mmol/g, and the two random copolymers with lower IEC were synthesized at the 
same time to restrain the water uptake of the membrane. 
 











λc OH- σd 
(mS/cm) 
Expa Expb 25 °C 80 °C 
PSU-CyTMA-1.8 1.79 1.78 17.3 19.4 ± 0.3 6.1 22.0 ± 0.2 64.1 ± 0.7 
PSU-CyTMA-1.5 1.50 1.47 13.5 16.8 ± 0.2 6.3 17.9 ± 0.2 40.7 ± 0.3 
PSU-CyTMA-1.3 1.30 1.28 17.3 16.2 ± 0.2 6.9 8.9 ± 0.1 25.6 ± 0.2 
a: Experimental IEC measured from 1HNMR spectra of PSU-CyTMA-x samples assuming complete conversion 
from dimethylamine form to trimethylammonium form. b: Experimental IEC measured from back titration. 
cNumber of water molecules per cation group. All hydroxide conductivities were measured in 18MΩ water under a 
nitrogen atmosphere. 
 
 In this study, PSU-CyTMA-x polymer films are showed lower water uptakes than many 
other functionalized polysulfone films under the similar IEC values.
136,208,209,216,247
 The highest 
water uptake was showed only 19.4 wt.% among these membranes. Because the homo and 
random copolymer membranes have been demonstrated have no apparent phase separations in 
the polymer structure. The low water uptake of these films is probably due to the relative low 




values of 6-7.  
The water uptake behavior of the hydroxide form of PSU-CyTMA-x polymer films under 
elevated temperature conditions were also studied. As shown in Figure 7.4, the water uptake of 
all films increased with an increase in temperature. The water uptake behavior of each films is 
related to its IEC and the water absorptions of all PSU-CyTMA-x films were restrained to low 
levels. The highest water uptake, found for the highest IEC sample, remained less than 70 wt.% 
at 80 °C. The relatively low water uptake of the PSU-CyTMA-x films potentially provides good 
mechanical stability of the hydrated membranes.  
 
 
Figure 7.4 Water uptake of (OH
-
) form of PSU-CyTMA-x membranes under different 
temperature conditions. 
 
 7.3.4 Hydroxide conductivity of PSU-CyTMA-x membrane 
The hydroxide conductivities of the PSU-CyTMA-x samples at different temperatures were 







membrane films displayed a relatively linear increase of hydroxide conductivities with 
temperature. The conductivities are consistent with their IEC and the trend of water uptake. 
Among these films, the homopolymer PSU-CyTMA-1.8 showed the highest hydroxide 
conductivity at each temperature with a conductivity of 64 mS/cm at 80 °C in water. This result 





Figure 7.5 Anion conductivity of (OH
-
) form of PSU-CyTMA-x membrane films in water at 
different temperature conditions. 
 
The activation energy (Ea) of PSU-CyTMA-x membranes were calculated from the 
Arrhenius plots. As shown in Figure 5.6, the Arrhenius plots of PSU-CyTMA-x membranes 
exhibit a linear behavior at elevated temperature conditions, which indicated a water mediated 
vehicle mechanism.
211
 The Ea of PSU-CyTMA membranes are between 13.5 kJ/mol and 17.3 
kJ/mol. The relatively high Ea values indicated that the conductivities of the PSU-CyTMA-x 
membranes rely on the operation temperature. The Ea values of PSU-CyTMA-x membranes are 



































Figure 7.6 Arrhenius plots of hydroxide conductivity for PSU-CyTMA-x membranes. 
 
 7.3.5 Alkaline stability of PSU-CyTMA-x membrane 
The PSU-CyTMA-1.8 film was selected for determining its alkaline stability due to its good 
balance of water uptake and hydroxide conductivity. The film PSU-CyTMA-1.8 was soaked in 1 
M KOH solution at 80 °C for 20 days and the conductivity of the film was measured at 60 °C in 
ultrapure water (18 MΩ) every 4 days (Figure 7.7). After the measurement, it was found that the 
hydroxide conductivity of the PSU-CyTMA-1.8 film decreased gradually over the measurement 
period. Around 27% of the original conductivity was lost after 20 days in base. The 
trimethylamine group directly appended on the equatorial position of the cyclohexane ring was 
assumed to inhibit Hofmann elimination. The α-substitution reaction also can occur on a methyl 
group of trimethylammonium cations in the presence of hydroxides. After 20 days in base, the 





























Figure 7.7 Precentage of hydroxide conductivity with time for PSU-CyTMA-1.8 immersed in 
1M KOH solution at 80 °C. Conductivity measured at 60 °C. 
 
 7.3.6 Thermal stability of PSU-CyTMA-x membrane 
The thermal stability of the quaternized iodine form of homo and random polymer films 
PSU-CyTMA-1.8 and PSU-CyTMA-1.3 were measured by thermogravimetric analysis (TGA). 
Both homo and random copolymer films exhibited good thermal stabilities, with decomposition 
temperatures (Td,95) of 253 °C and 240 °C, respectively. Two distinct degradation steps were 
observed in the TGA curves. For homopolymer PSU-CyTMA-1.8, mass loss begins at 
approximately 160 °C and continues to 335 °C with loss of 28% of the mass.  The mass loss 
potentially corresponds to Hofmann elimination happened at the β-proton of the cyclohexane 
ring with of the trimethylammonium group and HI.  A second mass loss occurs from 395 °C to 
540 °C, indicating the degradation of the polysulfone backbone. The TGA curves indicate that 
the   cyclohexane pendent trimethylammonium cation exhibited higher thermal stability than 
benzyltrimethylammonium and phenyltrimethylammonium but lower than long spacer 
quaternary ammoniums.
226,240,241,244





































Figure 7.8 TGA curves of (I
-
) form of homo and random PSU-CyTMA-x polymer films. 
 
 7.3.7 Mechanical property of PSU-CyTMA-x membrane 
The mechanical property is important for the application of AEMs. The tensile properties of 
polymer films PSU-CyTMA-1.8 and PSU-CyTMA-1.3 films were measured in this research, and 
the results are shown in Table 2. With a decrease in IEC, the value of Young’s modulus increase 
from 0.86 GPa to 1.59 GPa, while the elongation (ε) of the film decreased from 4.5% to 3.5%. 
This behavior shows only small differences for the difference in IEC.  In addition, both PSU-
CyTMA-1.8 and PSU-CyTMA-1.3 film exhibited relative high stress at break (σ) with the value 
of 38.8 MPa and 55.0 MPa. These results indicate the realtively good mechanical properties of 




































Table 7.2 Tensile strength of (I
-
) form of PSU-CyTMA-x membrane 
Sample Stress at break 
(MPa) 




PSU-CyTMA-1.8 38.8 ± 5.9 4.50 ± 0.63 0.86 ± 0.01 
PSU-CyTMA-1.3 55.0 ± 2.2 3.46 ± 0.13 1.59 ± 0.01 
 
 7.4 Conclusion 
Trimethylcyclohexylammonium functionalized polysulfone films were successfully 
synthesized through the introduction of a new 4,4'-(4-(dimethylamino)cyclohexane-1,1-
diyl)diphenol monomer into polysulfone backbones and a subsequent nucleophilic substitution 
reaction with methyl iodide. The properties of PSU-CyTM -x polymer films can be easily 
controlled and optimized by varying the concentration of functional cations in the polymer 
structure. The composition of both neutral and quaternized polymers was precisely measured by 
1
H NMR spectroscopy and titration. PSU-CyTMA -1.8 exhibited the best performance among 
these films.  It showed reasonably low water uptake and relatively good hydroxide conductivity. 
The tensile properties showed that the homopolymer film has good mechanical strength with 
good flexibility. These advantages make PSU-CyTMA polymer film can be potentially used in 
AFC applications. Although the homopolymer film showed relatively good alkaline stability, it 
was found to slowly degrade in strong base solution at elevated temperatures.  
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  CHAPTER 8
PREPARATION OF POLYETHYLENE-BLOCK-POLY(4-VINYLPIPERIDINE) 
AS PRECURSORS TO ANION EXCHANGE MEMBRANES 
 
 8.1 Introduction 
Anion exchange membranes (AEM)s are used as solid electrolytes in alkaline fuel cells 
(AFC)s to conduct hydroxide ions from the cathode to the anode.
118
 The operation of AFCs 
requires specific properties of the AEM that include sufficient mechanical strength, high thermal 
stability, low water uptake, and high conductivity while demonstrating good chemical 
resistance.
119
 A well-performing AEM depends on its strong hydrophobic polymer backbone, 
base-stable hydrophilic cationic groups, and the membrane morphology. Different polymers, 




 and polysulfones 
(PSU)
38,123,195
 have been investigated as the hydrophobic polymer backbones in AEMs, although 
some drawbacks exist for these polymer membranes. Polystyrene-based polymers require 
crosslinking or blending with other polymers to improve their mechanical strength.
226,250
 
Polysulfone-based PEMs have been shown to have excellent membrane properties; however, the 
ether groups in the polysulfone linkages can be attacked by hydroxide resulting in degradation of 
the membrane.
246
   
Polyolefins, such as polyethylene, exhibit a combination of high chemical stability, 
negligible water swelling, high crystallinity and excellent mechanical strength. Functionalized 
polyethylenes have been widely used as separators in rechargeable lithium ion batteries,
251,252
 
and polyethylene-based AEMs have been studied.
126,127,129,155




polyethylene-based diblock copolymer polyethylene-block-polyvinylbenzyltrimethylammonium 
(PE-b-PVBTMA) as AEM.
155
 This polymer membrane showed excellent mechanical strength 
with low water uptake and relatively high anion conductivity. 
Cationic groups are necessary to provide the ionic conductivity of the membrane. However, 
the electrophilic property of the cationic structure potentially allows degradation reactions with 
hydroxide ions resulting in loss of conductivity of the membrane in high pH conditions. 
Furthermore, the cationic groups potentially allow hydroxides to attack the polymer backbone 
and result in membrane degradation by loss of molecular weight of the polymer.  In order to 












 and metal-based cations,
253,254
 have been investigated on different polymer 
backbones to investigate the alkaline stability of AEMs. Compared to other types of cationic 
groups, QA groups can be readily synthesized, modified with different substituents, and easily 
attached to the polymer backbones. These advantages allow QA groups to be widely used in the 





and many spacer chain QAs,
160-163
 have been demonstrated to have relatively low alkaline 
stabilities.  
Recently, N,N-dimethylpiperidinium (DMP) was found to show excellent alkaline stability 
under harsh alkaline conditions. The half-life of DMP in 6 M NaOH at 160 °C was more than 20 
times that of benzyltrimethylammonium (BTMA).
157
 Based on this result, the preparation of 
DMP-functionalized AEMs have recently been reported.
137
 A series of DMP-functionalized 
polysulfone copolymers exhibited excellent alkaline stability, showing no degradation in 1M 




have promising properties that can be a good candidate for use in AFC applications. 
The polymer membrane morphology also affects the properties of AEMs. Multiple AEM 
research publications have been demonstrated that amphiphilic block copolymers can provide 
phase separation between the hydrophobic polymer backbone and hydrophilic cationic groups.
255
 
The apparent phase separation in ion exchange membrane could improve the performance of the 
membrane in both mechanical strength and ion conductivity.
255-257
  
In this research, a diblock copolymer, polyethylene-block-poly(4-vinyldimethylpiperidinium) 
(PE-b-P4VDMP) was designed as a target AEM structure. 1,4-polybutadiene was prepared by 
anionic polymerization in a non-polar solvent followed by polymerization of 4-vinylpyridine 
after switching to a polar solvent.  The diblock copolymer, polybutadiene-block-poly(4-
vinlypyridine)s (PBD-b-P4VP), was then hydrogenated to a polyethylene-block-poly(4-
vinylpiperidine) (PE-b-P4VPip). The PE-b-P4VPip can be subsequently alkylated by reaction 
with methyl iodide to prepare PE-b-P4VDMP AEM.  This chapter will introduce the design of 
the PE-b-P4VDMP, the synthesis of the PBD-b-P4VP block copolymers, and their 
hydrogenation to the PE-b-P4VPip.  The processing of the materials into films and the 
quaternization into functional membranes will be completed in future research. 
 8.2 Experimental section 
 8.2.1 Materials 
 Sec-butyllithium solution (Sigma-Aldrich, 1.4M in cyclohexane), n-butyllithium solution 
(Sigma-Aldrich, 2.0 M in cyclohexane), and di-n-butylmagnesium (Sigma-Aldrich, 1.0M in 
heptane) were used as received. Cyclohexane (HPLC grade, Fisher) and tetrahydrofuran (HPLC 




Technology). 2,6-Di-tert-butyl-p-cresol (BHT, Eastman), p-toluenesulfonyl hydrazide (TSH) 
(Sigma-Aldrich, 97%), and chloroform (Sigma-Aldrich, ACS degree) were used as received. All 
polymerization glassware, glass syringes, needles, and stir bars were dried in an oven at 180 °C 
overnight, and the glassware was further flame-dried under an argon purge after being equipped 
with a stir bar and sealed with a rubber septum.  4-Vinylpyridine (Sigma-Aldrich, ≥ 95%) was 
purified by stirring over sodium in an argon purged two-bubble reactor and then further distilled 
under reduced pressure two times before use. 1,3-Butadiene (Sigma-Aldrich, ≥ 99%) was first 
purified by stirring with calcium hydride in a crown-sealed and argon purged pressure vessel 
while cooling the vessel to −78 °C with an acetone/dry ice bath for approximately 20 minutes. 
1,3-Butadiene was then transferred to another argon purged pressure vessel via a flame dried 
cannula while the vessel was cooled to −78 °C. About 100 µL of n-butyllithium was injected into 
the vessel to purify the 1,3-butadiene further before use.  
 8.2.2 Synthesis of polybutadiene-block-poly(4-vinylpyridine) (PBD-b-P4VP) by anionic 
polymerization  
Before the reaction, a 250 mL of single-neck round-bottom flask with a stir bar was flame-
dried for three times to remove water and then purged with argon for 20 minutes and sealed by a 
rubber septum.  In the first step, 30 mL of dry cyclohexane from a column solvent purifier was 
added into the sealed flask. 11.10 g (0.205 mol) of purified 1,3-butadiene, which was stored in an 
argon-purged pressure vessel, was slowly transferred to the reaction flask by a flame-dried 
cannula. Through gently warming the pressure vessel by hand, the butadiene was transferred 
entirely over 20 minutes. After removing the cannula, the solution was titrated by sec-




(0.14 mmol) of sec-butyllithium was then injected into the flask using a 250-µL syringe. The 
solution was stirred at room temperature for 24 hours. A small part of the reaction solution was 
removed by syringe after 24 hours and the polybutadiene sample was terminated by injection 
into argon-purged methanol.   
In a second step, 30 mL of dry THF from a column solvent purifier with 4.0 mL (0.037 mol) 
of purified 4-vinylpyridine and 0.06 g (1.4 mmol) of dried lithium chloride were transferred into 
a 250 mL flame-dried, argon-purged, and septum-sealed single-neck round-bottom flask. A small 
amount of di-n-butylmagnesium was injected into the flask to titrate the concentrated 4-
vinylpyridine with THF solution. The amount of 150 mL of pure THF solvent was first 
transferred into the reaction flask to dilute the polybutadiene cyclohexane solution. Then the 
diluted reaction solution was cooled to −78 °C by acetone/dry ice bath. The concentrated 4-
vinylpyridine with THF solution was transferred into the reaction flask by a flame-dried cannula 
under low-temperature conditions. The solution color immediately changed from bright yellow 
to orange. The reaction solution was then stirred under −78 °C for another 24 hours. After 24 
hours, a small amount of argon-purged methanol was introduced into the flask by syringe to 
terminate the polymer chains and the orange color of the viscous polymer solution disappeared 
rapidly. 2,6-Di-tert-butyl-p-cresol (BHT) (0.3 g, about 0.02 wt. % of polymer) as radical 
inhibitor was added into the polymer solution. The polymer solution was precipitated into excess 
methanol and then isolated by filtration, washed with more methanol, and dried in a vacuum 
oven at 40 °C for overnight. A pale white solid of polymer was obtained. 
1
H NMR 
(500MHz,CDCl3, δ): 1.30-1.60 (b, 2H; -CH2-CH-(Py)), 1.80 (s, 1H; -CH-(Py)), 2.02 (s, 2H; trans 
–CH2-), 2.07 (s, 2H; cis –H2-), 4.93-4.99 (m, 2H; -CH2-CH(CH=CH2)-), 5.37 (s, 2H; trans -CH2-




6.25-6.51 (m, 2H; Py-H), 8.22-8.49 (m, 2H; Py-H). 
 8.2.3 Hydrogenation of PBD-b-P4VP to form polyethylene-block-P4VPip 
Polyethylene-block-poly(4-vinylpiperidine) (PE-b-P4VPip) diblock copolymer was 
attempted by using high-pressure hydrogenation methods. A hydrogen tank was directly 
connected with a 50 mL high-pressure bomb (Parr Instrument company) to accomplish this 
reaction. The general procedure was as follows: 0.2007 g of PBD-b-P4VP, 30 mL of chloroform 
and 10 mL of cyclohexane with a magnetic stir bar was put in the high-pressure bomb. Pd/C 
catalyst (0.0300 g; ≈15 wt.% of the polymer) was added into the solution. The bomb was sealed 
with a steel cap and the solution was stirred as the bomb temperature was raised to 150 °C. After 
the bomb temperature was stable, hydrogen gas was slowly added into the bomb to increase the 
bomb pressure to 1800 psi and the reaction was kept under this condition for 72 hours. The bomb 
was cooled to room temperature and excess H2 gas was released from the bomb to obtain a 
cloudy solution. The Pd/C catalyst was removed by filtration through glass wool. The polymer 
film was then prepared by drying the solution on a glass substrate at room temperature. 
 8.2.4 Characterization and Measurements 
1H NMR spectra of diblock copolymers PBD-b-P4VP were measured using a JEOL ECA-
500 MHz FT-NMR spectrometer at room temperature in chloroform-d. The chemical shifts (δ) 
are reported in ppm. All data was analyzed by MestReNova software. 
The molecular weights of polybutadiene samples were measured by a gel permeation 
chromatography (GPC) using a KNAUER AZURA P 4.1S pump connected with a Wyatt 
Technology Mini Dawn detector and an Optilab DSP interferometric refractometer detector. A 




the flow rate was controlled at 1 mL/minute.  
The molecular weights of PBD-b-P4VP copolymers and polystyrene standards were 
measured using gel permeation chromatography (GPC). The GPC was composed of a KNAUER 
AZURA P 4.1S pump connected with Wyatt Technology Mini Dawn and Optilab DSP 
interferometric refractometer detectors, and a PLgel 5 μm mixed C column. Chloroform with 5 
vol.% of triethylamine mixture solution was used as eluent and the flow rate was controlled at 1 
mL/min. 
FTIR spectra of polybutadiene, poly(4-vinylpyridine) (P4VP), PBD-b-P4VP, and PE-b-
P4VPip were measured using a Thermo-Electron Nicolet 4700 spectrometer with a Smart Orbit 
attachment in a spectral range of 500 – 4000 cm-1. 
 8.3 Results and Discussion 
 8.3.1 Motivation 
The objective of this project was to develop a high-performance cation-functionalized 
polymer membrane that could be applied in AFC applications. A N,N-dimethylpiperidinium 
(DMP) functionalized polyethylene diblock copolymer was designed to improve the performance 
of AEMs. 
Cationic group functionalized polyethylene has been investigated as an AEM by many 
different synthetic technologies. The most common method to synthesize polyethylene with high 
stereoregularity is using Ziegler-Natta catalysts to polymerize ethylene monomer.
258
 However, 
polyethylene-based AEMs are difficult to directly synthesize by this method. The cationic groups 
usually are ammoniums, which could poison the Ziegler-Natta catalyst and decrease the 




polyethylene backbone.  
Recently, ring-opening metathesis polymerization (ROMP) followed by hydrogenation has 
been used to develop polyethylene based AEMs.
126,129
 Using Grubbs 2
nd
 generation catalyst in a 
ROMP reaction allows the polyolefin backbone with cationic groups and avoids the drawback of 
the post-polymerization modification processes. Using this method, polyethylene based random 
copolymers were obtained. Kostalik IV et al. developed a series of tetraalkylammonium-
functionalized polyethylene AEMs through using ROMP reaction and subsequent 
hydrogenation.
126
 The random copolymer membrane with IEC = 1.5 was insoluble in water and 
methanol at 50 °C and its hydroxide conductivity could achieve 65 mS/cm under this 
temperature. Noonan et al. synthesized phosphonium-functionalized polyethylene random 
copolymer membranes using the same ROMP reaction and hydrogenation condition.
129
 This 
polymer membrane showed high alkaline stability and was stable in 1 M KOH solution at 80 °C 
for 22 days. The hydroxide conductivity of the membrane showed 22 mS/cm at 22 °C in water. 
The ROMP reaction used in the synthesis of polyethylene based AEMs could form the polymer, 
however, only the random copolymer can be obtained in this reaction resulting in limiting the 
performance of the polyethylene membrane. 
Living anionic polymerization combined with high-pressure hydrogenation of polybutadiene 
offers several advantages in the synthesis of polyethylene based diblock copolymers. 
Unavoidable chain transfer in radical polymerization and ring-opening polymerization result in 
low molecular weight of the polymer. In contrast, no chain transfer present in living anionic 
polymerization allows for high molecular weight of the polymer and its value can be precisely 
controlled in the reaction. In addition, because no termination occurs during the polymerization 




design of block copolymers. Furthermore, the configuration of the polymer also can be well 
controlled under different polarity mediator.  
Our group successfully synthesized a series of polyethylene-block-poly(vinybenzyl 
trimethylammonium) (PE-b-PVBTMA) diblock copolymers by using living anionic 
polymerization with subsequent hydrogenation.
155
 The diblock polymers showed much higher 
hydroxide conductivities (IEC = 1.92 mmol/g, σ= 73 mS/cm, in 60 °C water) than any other 
polyethylene based random copolymer membranes under the same IEC.
126,129,155
 At the same 
time, the membrane also exhibited low water uptake (37 wt.%) and high mechanical strength 
(tensile stress at break = 13.5 MPa). The exciting results motivated us to synthesize other 
polyethylene based diblock copolymers for high-performance AEMs. 
In this research, polyethylene-block-poly(4-vinyldimethylpiperidinium) (PE-b-P4VDMP) 
diblock copolymer was developed through directly combining high 1,4-content polybutadiene 
(PBD) block with poly(4-vinylpyridine) (P4VP) block by living anionic polymerization, 
subsequent hydrogenation, and quaternization processes. The synthetic route of polybutadiene 
and polyethylene based diblock copolymers are shown in Figure 6.1. 
 
 

















 8.3.2 Polymerization of polybutadiene-block-poly(4-vinylpyridine)s (PBD-b-P4VP)s 
diblock copolymers 
 In the previous group study, PBD-b-P4MS diblock copolymer was directly synthesized by 
using sequential living anionic polymerization in a single solvent system due to the similar 
polarity of PBD and P4MS blocks. However, the vastly different polarity between the 1,4-
content PBD block and P4VP block inhibited the PBD-b-P4VP diblock copolymer to be 
synthesized in the same living anionic polymerization condition. 
The polybutadiene block with three distinct configurations could be obtained in different 
polarity of the solvent system. 1,2-addition (cis- and trans-) are mainly formed in high polar 
solvents like ether or THF, while 1,4-addition is primarily formed in a nonpolar solvent like 
cyclohexane. In this research, the branch structure of 1,2-content polybutadiene unit should be 
avoided in the diblock copolymer to achieve the high crystalline property of the polyethylene 
polymer membrane. Therefore, cyclohexane as a nonpolar solvent is required in the 
polymerization of 1,4-content polybutadiene block. However, the poly(4-vinylpyridine) block 
can only be well polymerized in the polar solvent like THF. The different solubility of 1,4-
content PBD and P4VP block also makes the reaction difficult in a single solvent system. The 
different configurations of polybutadiene blocks are shown in Figure 8.2.  
Arabi et al. synthesized poly(styrene-b-butadiene-b-4-vinylpyridine) (PS-b-PBD-b-P4VP) 
triblock copolymers by living anionic polymerization. In their research, benzene was used as a 
polar solvent in the polymerization reaction. Because the solubility of P4VP block is entirely 
different from PS and PBD blocks, “oil-in-oil” micelles were formed in the reaction solution. To 
avoid this drawback, the concentration of polymer solution has to be controlled to less than 3 




polymerization condition, the significant amount of vinyl 1,2-content polybutadiene units was 
found for the polymer structure and this result is not acceptable in our project. 
 
 
Figure 8.2 General configurations of polybutadiene. 
 
 In this project, a sequential-solvents system was introduced for the living anionic 
polymerization of the PBD-b-P4VP diblock copolymer. The PBD-b-P4VP diblock copolymer 
theoretically can be polymerized starting from either the PBD block or the P4VP block. In order 
to avoid side-reactions and to change solvent polarity, the PBD block was first polymerized in 
cyclohexane and then subsequent polymerization of the P4VP block was done in THF solvent. 
The synthetic route of the PBD-b-P4VP diblock copolymer is shown in Scheme 8.1. 
 
 






























 There are two steps to polymerize PBD-b-P4VP diblock copolymer. In the first step, 1,3-
butadiene was initiated by sec-BuLi in nonpolar cyclohexane at room temperature, and then the 
PBD block chain was grown in 25 wt.% of cyclohexane solution for 24 hours. In order to 
characterize the PDB block, a small amount of sample was extracted after 24 hours. The PBD 
sample was then quenched with degassed methanol. In the second step, the 4VP monomer was 
added onto the polybutadienylithium chains to form the diblock copolymer. Because 4-
vinylpyrindine cannot dissolve in cyclohexane, the polar solvent THF with LiCl was added to the 
cyclohexane polybutadiene solution to improve the solubility of 4-vinylpyridine in the 
copolymerization. A single THF solvent system has been demonstrated to not well dissolve 4VP 
in anionic polymerization. Research has polymerized the P4VP homo or block copolymers under 
a pyridine/THF mixture solution system to improve the solubility of 4VP in reaction. However, 
the molar ratio of pyridine in the mixture solution has to be precisely controlled because of its 
relatively high freezing (-42.22 °C) point prohibits low-temperature anionic polymerization 
condition (-78 °C). LiCl was found to help the polymerization of P4VP in THF.
259
  
In this research, when the anionic polymerization of PBD block was completed, a clear 
bright yellow cyclohexane solution was obtained. The solution was diluted with THF to around 5 
wt.% and cooling to -78 °C, then concentrated 4-VP THF-LiCl solution was added into the 
polymerization system to react at -78 °C for another 24 hours. In this step, the concentration of 
THF-cyclohexane mixture solution was controlled at 5 wt.% and the molar value of LiCl was ten 
times the molarity of sec-BuLi. When 4-vinylpyridine was added into the polymerization system, 
the solution color immediately changed from bright yellow to yellow-orange. The changed color 
indicated 4VP anions were initiated in the polymerization reaction. When the polymerization of 




to terminate the living polymer chains. The solution color rapidly disappeared during this process. 
The change of polymerization color in different steps is shown in Figure 8.3. A series of PBD-b-
P4VP diblock copolymers with the different block component were polymerized in this 
sequential-solvent system.  
 
 
Figure 8.3 Color of polymer solutions in each polymerization step. 
 
 8.3.3 Characterization of polybutadiene (PBD) and polybutadiene-block-poly(4-
vinylpyridine) (PBD-b-P4VP) polymers 
 The structure of the PBD homopolymer and corresponding PBD-b-P4VP diblock copolymer 
samples were characterized by 
1
H NMR spectroscopy and the results are shown in Figure 8.4. In 
the 
1
H NMR spectra of PBD homopolymer, peaks “a” at 5.37-5.41 ppm correspond to the cis and 
trans 1,4-content olefinic protons in PBD chains. Peaks “b” at 2.02 and 2.07 ppm indicated the 
methylene protons of 1,4-content PBD polymer. In contrast, small peaks at around 4.96 and 5.55 
ppm correspond to the protons from 1,2-content PBD. The composition of different 












calculation, around 95% of 1,4-content PBD configuration predominated in the polymer chains. 
The result indicated that highly linear ci-s and trans-1,4-content PBD structures were obtained 
by living anionic polymerization. Compared to the 
1
H NMR spectra of PBD sample, two broad 
peaks “c” and “d” appeared in the
 1
H NMR spectra of the PBD-b-P4VP diblock copolymer. 
These new peaks represent the protons on the 4VP ring. The molar ratio of PBD and P4VP 
blocks can be directly obtained through calculating the integration of proton peaks in different 
blocks. Also, the polymer conversion can be calculated from the molar feed ratio of monomers 
and the integration ratio of polymer blocks. Through the calculation, the polymerization 



























Molecular weights of PBD homopolymer and PBD-b-P4VP diblock copolymers were also 
measured by GPC. The refractive index (RI) plots of PBD and PBD-b-P4VP polymers are shown 
in Figure 8.5. Because the amine group in P4VP block could interact with the GPC column in a 
single eluent system and result in inaccurate PDI, the molecular weights of homo and diblock 
copolymers were measured under two completely different GPC conditions. The molecular 
weights of homopolymers were measured in THF solution. In contrast, the diblock copolymer 
samples were measured in CHCl3 with 5 vol.% of TEA. Also, the eluent time of commercial 
polystyrenes as the standard backgrounds was separately measured in these two eluents to 
calculate the molecular weights of both homo and diblock copolymers. 
 
 
Figure 8.5 GPC chromatograms of PBD homopolymer and PBD-b-P4VB diblock copolymer. 
 
 The molecular weights of PBD blocks were measured by GPC and the results are consistent 
with polymer design, indicating the butadiene monomer was completely polymerized in the 
reaction. In both homo and diblock copolymer GPC chromatograms, a small peak was found 
present at low elution volume and is attributed to polymer chain termination with oxygen to 
double the molecular weight of the polymer. This phenomenon is common in the termination of 
living anionic polymerization. Both homo and diblock copolymer samples showed relatively 
PBD	(A)






narrow molecular weight distributions. The results of GPC measurement are shown in Table 8.1. 
 
Table 8.1 Molecular weights and PDI of PDB and PBD-b-P4VP polymers 
Sample PBD (A) PBD-b-P4VB (A) PBD (B) PBD-b-P4VB (B) 
Mn (kg/mol) 79 124 126 143 
PDI (Mw/Mn) 1.16 1.17 1.17 1.19 
 
 8.3.4 Hydrogenation of PBD-b-P4VP to form PE-b-P4VPip 
 Polyethylene-b-poly(4-vinylpiperidine) (PE-b-P4VPip) diblock copolymers were 
considered to be produced by hydrogenating the PBD-b-P4VP diblock copolymers. High-
pressure conditions with palladium/carbon catalyst was used in the hydrogenation reaction. In 
this step, 25 wt.% of Pd/C catalyst combined with the PBD-b-P4VP diblock copolymer were put 
into CHCl3, and the concentration of polymer solution was controlled at 5 g/L. The 
hydrogenation condition was set at 1800 psi and 150 °C to react for 72 hours. The hydrogenated 
polymer sample was measured by FTIR spectrometer, and the result is shown in Figure 8.6. The 
homopolymers PBD, P4VP and the diblock copolymer PBD-b-P4VP were measured as the 
background in this research.  
Several typical peaks were identified in the FTIR spectra of the PBD-b-P4VP diblock 
copolymer. The absorption peaks at 1596, 1557, and 1412 cm
-1
 can be assigned to the stretch 





 indicated the stretching and bending vibrations of =C-H groups in the pyridine ring for the 
P4VP block. The absorption peaks at 3005 cm
-1
 and 963 cm
-1
 indicated the stretching and 
bending vibrations of =C-H groups in the PBD blocks. After the hydrogenation, all peaks that 




FTIR spectra. This result demonstrated that the PBD-b-P4VP diblock copolymer could be 
completely hydrogenated through using high-pressure hydrogenation method to obtain PE-b-
P4VPip diblock copolymer.  
 
 
























 8.4 Conclusion 
In this research, the diblock copolymer polyethylene-b-poly(4-vinyldimethyl- piperidinium) 
was targeted to improve the performance of AEMs. In order to obtain the target polymer, the 
polybutadiene-b-poly(4-vinylpyridine) (PBD-b-P4VP) was first synthesized by living anionic 
polymerization in a sequential-solvents system. The structure of the diblock copolymer was 
confirmed by 
1
H NMR spectroscopy. The molecular weight of the diblock polymer was 
measured by GPC. Because the pyridine group interacts with the GPC column, the GPC 
measurement condition of PBD-b-P4VP was different from the PBD samples. The PBD-b-P4VP 
polymer was then hydrogenated with the Pd/C catalyst through using high-pressure 
hydrogenation method to produce the PE-b-P4VPip diblock copolymer. The hydrogenation 
conversion of the polymer was detected by FTIR spectroscopy. It was found that the PBD-b-
P4VP diblock copolymer could be completely hydrogenated in this step. 
 8.5 Future Work 
The PE-b-P4VPip diblock copolymers have thus been successfully synthesized in this 
research. However, further research is necessary to prepare polymer films and to quaternize the 
membranes. The PE-b-P4VPip diblock copolymer is found to be insoluble in all solvents and 
polymer membranes are proposed through melt processing subsequent quaternization by 
reactions with methyl iodide solution. The AEM properties of the target membrane, such as 
water uptake, IEC, anion conductivity, chemical stability, thermal stability, mechanical stability, 
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  CHAPTER 9
SUMMARY OF DISSERTATION AND FUTURE WORK 
 
 9.1 Summary of dissertation 
This dissertation was directed to developing high-performance functional ion exchange 
membranes with the potential for fuel cell applications. Due to the very different operating 
conditions of the proton exchange membrane fuel cell (PEMFC) and the anion exchange 
membrane fuel cell (AEMFC), the research designed and synthesized PEMs and AEMs with very 
different characteristics.  
The first research project was the preparation of a sulfonated aromatic polyamide as proton 
exchange membrane. Traditionally, the primary requirements of PEMs are high proton 
conductivity and good mechanical stability. Aromatic polyamides are commercial materials that 
have been proven to exhibit excellent mechanical and thermal stabilities (Kevlar® and Nomex®). 
Here, a poly(meta-phenylene isophthalamide) (Nomex® structure) was targeted as the polymer 
backbone with the synthesis of a series of sulfonated poly(meta-phenylene isophthalamide)s 
produced.. Different from traditional synthesis methods wherein the functional polymer is 
obtained by directly immersing the polymer membrane in strong sulfonating reagents, the new 
polymers were synthesized directly by using sulfonated monomers through the Yamazaki reaction. 
The advantage of this method is that it could precisely control the degree of sulfonation (DS) of 
the polymer through changing the molar feed ratio of sulfonated and unsulfonated monomers. 
Under the same polymerization condition, a series of polymers with DS from 40 mol% to 100 mol% 
were successfully synthesized, and their IEC values characterized by 
1




the polymers showed good solubility, and their membranes could be easily obtained through 
casting the polymer solutions. The water uptake of the membranes showed very low values at 
room temperature, especially when the degree of sulfonation was less than 50 mol%. However, 
along with the increasing temperature, the water uptake of the random copolymers increased 
rapidly, and the membranes were found to eventually dissolve in water.  The dissolution problem 
was solved by producing a multi-block copolymer with a degree of sulfonation of 40 mol%.  
Under the same degree of sulfonation, the multi-block copolymer membrane showed much higher 
water durability than random copolymer membranes, due to the separation of hydrophilic and 
hydrophobic components. Both multiblock and random copolymer membranes showed excellent 
proton conductivity, whose values were higher than that of Nafion
® 
117 under the same conditions. 
Compared to other kinds of polyaramide-based membranes, these new membranes also showed 
much higher conductivity and water durability. These results demonstrated that sulfonated 
poly(meta-phenylene isophthalamide) membranes had significantly improved the performance 
over that of other sulfonated polyaramides, and it could be a good candidate to be used in PEMFC 
applications. 
The next three research projects were the development of novel functional anion exchange 
membranes that could potentially be used for AEMFC applications. An AEM with high alkaline 
stability was the principal objective of the membrane design. The poly(N,N-dimethylpiperidinium 
sulfone)s (PDMPS-x), poly(4-trimethylamino) cyclohexane diphenyl sulfones (PTMACDPS-x), 
and polyethylene-block-poly(N,N-dimethyl-4-vinylpiperidinium)s (PE-b-PDMPip) were all 
developed using different designs to obtain highly alkaline stable AEMs. PDMPS-x homo and 
random copolymers and PE-b-PDMPip diblock copolymers were designed as AEM due to the 




design of PTMACDPS-x homo and random copolymers as AEMs, the new cationic structure of 
cyclohexyl trimethylammonium was assumed to have higher alkaline stability than traditional 
BTMA cations, and incorporation of the structure could improve the alkaline stability of polymer 
membranes. The properties of these three polymer membranes were discussed in chapter 6, 7, and 
8.  
In chapter 6, the new monomer 4,4'-(1-methylpiperidine-4,4-diyl)diphenol was synthesized. 
This piperidine-based monomer was used polycondensation reaction with sulfone monomers to 
prepare a series of neutral poly(N-methylpiperidine sulfone)s with different compositions.. 
Quaternized polymers, poly(N N-dimethyl piperidinium sulfone)s were readily obtained by 
reacting the neutral polymers with methyl iodide. The IEC of all polymers were calculated from 
1HNMR spectroscopy, and their values were highly consistent with the design. The polymers 
could readily dissolve in common solvents compared to other AEMs. Creasable polymer 
membranes were obtained through casting the polymer solutions. In this research, polymers with 
IEC from 1.9 to 1.3 were designed and synthesized, and all membranes showed reasonably low 
water uptake at room temperature. The highest hydroxide conductivity of these polymer 
membranes could achieve 80 mS/cm at 80 °C in water, and the decomposition temperature of 
quaternized polymers was well over 200 °C. In addition, these polymers showed excellent alkaline 
stability, with conductivity remaining stable after 28 days in 1M KOH solution at 80 °C Overall, 
the performance of these membranes was significantly better than many other polysulfone-based 
AEMs, and evidence supports that they could satisfy many of the operation requirements of AEMs 
in alkaline fuel cells. 
For the synthesis of poly(4-trimethylammonium)cyclohexanediphenyl sulfone, a new 




introduced into polysulfone backbones through a polycondensation reaction to obtain neutral 
poly(4-dimethylamino)cyclohexane diphenyl sulfone homo and random copolymers. The neutral 
tertiary amine polymers were quaternized by methyl iodide to obtain the target cationic-group 
functionalized polymers. All of the neutral polymers showed relatively higher molecular weights 
(Mn > 20,000 g/mol), and the IEC of quaternized polymers measured by 1H NMR spectroscopy 
were highly consistent with polymer design. The results demonstrated that the polymers were 
successfully synthesized and their compositions could be precisely controlled in this research. Due 
to the good solubility of these polymers in common organic solvents, robust and flexible polymer 
membranes were easily obtained through casting the polymer solutions. Each of the polymer 
membranes showed low water uptake at different temperatures. The highest water uptake at 80 °C 
remained less than 70 wt.%. In addition, the high decomposition temperature of these polymers 
(Td > 200 °C) indicated sufficient thermal stability for AEM application, and the hydroxide 
conductivity of the membranes could achieve 60 mS/cm at 80 °C in water. During the alkaline 
stability test, around 80% of hydroxide conductivity remained after immersing the membrane into 
80 °C of 1M KOH solution for 20 days, and this result was comparable to other high performing 
polysulfone-based AEMs. Overall, poly(4-trimethylammonium)cyclohexanediphenyl sulfone as a 
new AEM displayed the high performance that can be a candidate for a variety of AEM 
applications. 
Chapter 8 mainly studied the synthesis procedure for PE-b-PDMPip diblock copolymers. In 
this project, the linear structure of 1,4- polybutadiene-block-poly(4-vinylpyridine)s (PBD-b-
P4VP)s were successfully synthesized by using the living anionic polymerization in a sequential-
solvents system. The 1H NMR spectroscopy of diblock copolymer proved the presence of two 




with the design. The block polymer was hydrogenated by high-pressure hydrogenation methods to 
obtain the targeted PE-b-PDMPip polymer. Through comparison of the FTIR spectra of PBD-b-
P4VP and PE-b-PDMPip diblock copolymers, no C=C bonds were present after the hydrogenation 
process. The result gives the conclusion that the diblock copolymer was entirely reduced during 
the hydrogenation process. The targeted polymer has been synthesized in this approach, and the 
properties of the polymer will be characterized in future research. 
In conclusion, through working on the aforementioned ion exchange membrane projects, a 
broad range of polymer knowledge, including new polymer design, synthetic methods, 
characterization techniques, and processing methods, were systematically developed during my 
doctoral studies. At the same time, several high-performance ion exchange membranes were 
prepared during the course of these studies, and this work is important for the further development 
of ion exchange membranes.  
 9.2 Future work 
The state of knowledge in the field of ion exchange membranes is still progressing and there 
remains much research to continue to develop polymer materials that can satisfy the requirements 
for applications.  The research results and conclusions of this dissertation provide direction for 
several future research directions.  Suggested future work will focus on designing and 
synthesizing high-performance anion exchange membranes through modification inspired by 
research in this dissertation.  
From the results of chapters 6 and 7, two high-performance AEMs were obtained, however, 
comparing these two polysulfone-based membranes with each other, poly(N,N-




trimethylammonium)cyclohexane diphenyl sulfone membrane. The results are consistent with the 
determination that piperidinium-based cations have higher alkaline stability than other 
tetramethylammonium based cation structures. Therefore, future work should focus on developing 
techniques to introduce stable piperidinium cations to polymer backbones to improve the alkaline 
stability of AEMs. Three novel approaches are proposed to improve the performance of AEMs. 
The first proposed approach is to synthesize a cyclohexyl pendant N-methylpiperidinium 
cation based polysulfone membrane. The motivation to design this polymer structure was that the 
cyclohexane ring could improve the alkaline stability of cations, and at the same time the 
cyclohexane ring functions as an extended hydrocarbon chain to improve the alkaline stability of 
polysulfone backbone. The ring structure of piperidinium has been proven to have much better 
alkaline stability than any other tetramethylammonium cations, and its polymer membranes have 
shown good thermal stability and high conductivity. Therefore, this new polymer membrane is 
expected to have good alkaline stability and high performance. The synthetic routes are shown in 
Scheme 9.1. The new cyclohexyl pendent N-methyl piperidinium-based bisphenol monomer could 
be obtained through a two step reaction. The target polymer could be prepared from 4,4’-






Scheme 9.1 General synthetic route for cyclohexyl pendent N-methyl piperidinium-based 
polysulfones 
 
 The second approach designs linear hydrocarbon chain pendant piperidinium and 
tetramethylammonium based polysulfone membranes using a functional monomer. It has been 
demonstrated in the literature that long hydrocarbon chain cation structures can improve the 
alkaline stability of AEMs. Compared to the first approach proposed above, wherein a 
cyclohexane ring was connected to a piperidinium group, the attachment of a 4-membered carbon 
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cationic groups in the polymer chain. This polymer structure could increase the transporting 
efficiency of hydroxide ions to improve the hydroxide conductivity of the polymer membrane. 
The synthetic routes toward the preparation of hydrocarbon chain pendant piperidinium and 
tetraalkylammonium based polysulfones are shown in Scheme 9.2. 
 
 
Scheme 9.2 Synthetic routes of long hydrocarbon chain pendant tetraalkylammonium (1) and 
piperidinium (2) based polysulfones 
 
The third approach attempts to introduce piperidinium and tetraalkylammonium cations to a 
comb-shaped polymer structure for use as anion exchange membranes. The motivation to 
synthesize these polymers is multifold. First, a comb-shaped polymer structure is assumed to 
provide a high anion transport efficiency similar to block copolymer structures due to phase 
separation between hydrophilic and hydrophobic repeat units.. In addition, the piperidinium 















































of cations, resulting in a decreased hydroxide conductivity of the membrane. In contrast, a 
properly designed comb-shaped polymer structure could break allow for high IEC of the ionic 
domain and for the overall polymer membrane. Furthermore, the performance of the membranes 
is controlled by changing the types of repeat units of side chains. The synthetic routes toward 
comb-shaped polymers are shown in Scheme 9.3.  
Compared with the earlier proposed research, the advantage  is the provision of high 
performance from the more apparent phase separation morphology of the membrane. However, 
the more complicated synthetic routes toward the proposed polymers makes for a more difficult 
research effort. The monomer ((ethene-1,1-diylbis (4,1-phenylene)) bis(oxy)) bis(tert-
butyldimethyl silane) (scheme 9.3 (1)) would be synthesized through several steps, potentially 
leading to a relatively lower yield of the monomer. The subsequent polymerization processes are 
also potentially complicated by multiple steps. Anionic polymerization methods would be used to 
synthesize the poly(4-vinylpyridine) or poly(4-methylstyrene) side chains, requiring extremely 
precise experimental control. Polycondensation with the macromonomers would be used to 
prepare the target polymers. Good stoichiometric control of the starting materials is crucial to 
obtain the high molecular weight of the polymer and is made difficult by the molecular weight of 
the macromonomers. Furthermore, the hydrogenation of the pyridine ring in the side chain 
followed by quaternization requires the development of reaction conditions. Although the overall 
propsed approach is complicated and expected to be difficult to successfully achieve, the qualities 






Scheme 9.3 Synthetic routes of piperidinium (2) and tetramethylammonium (3) based comb-




























































































In summary, a few new methods are suggested as future research for the introduction of N,N-
dimethyl piperidinium and similar substituted piperidinium cations into polymer structures. In 
these examples, the matrix material remains poly(ether sulfone)s.  While the poly(ether sulfone) 
backbone provides good mechanical and membrane properites, it may be the limiting factor in 
overall alkaline stability.  Methods that can introduce stable piperidinium cations to other types of 
stable polymer backbones that also allow ease of membrane processing should be targeted in 
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